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ABSTRACT
SOURCES OF WATER AND SOLUTES TO THE SALAR DE ATACAMA, CHILE:
A COUPLED HYDROLOGIC, GEOCHEMICAL AND GROUNDWATER
MODELING STUDY
FEBRUARY 2016
LILLY CORENTHAL, B.A., MIDDLEBURY COLLEGE
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Dr. David F. Boutt
Focused groundwater discharge in endorheic basins provides opportunities to
investigate mechanisms for closing hydrologic budgets in arid regions. The Salar de
Atacama (SdA), a closed basin in northern Chile, has accumulated over 1800 km3 of
halite and a lithium-rich brine since the late Miocene primarily through
evapotranspiration of groundwater. The hydrologic balance of SdA and sources of water
and solutes required to explain this deposit are not well constrained. An adapted chloride
mass balance method drawing on a database of over 200 water sample sites is applied to a
remotely-sensed precipitation dataset to estimate spatially-distributed modern
groundwater recharge. Comparing groundwater recharge to evapotranspiration in a
steady-state water budget constrains potential regional-scale watersheds on the AltiplanoPuna Plateau. The sodium mass balance of the deposit is used to predict long-term water
discharge from the basin and place modern fluxes in a paleo-hydrologic context. A 2D
groundwater model informed by published paleoclimate reconstructions evaluates
whether draining groundwater storage contributes to the modern hydrologic system.
Modern recharge from precipitation in the topographic watershed is extremely small
v

compared to evapotranspiration. The missing water is sourced from precipitation in an
area over 4 times larger than the topographic watershed, and groundwater recharged
during wetter periods in the late Pleistocene is still actively draining and discharging
from storage without a corresponding input into the system. These results have
implications for lake-level based paleoclimate reconstructions, conceptualizations of
watershed boundaries and water resource management.
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PREFACE
This thesis evaluates sources and mechanisms of water and solute delivery to the
Salar de Atacama through two manuscripts presented in Chapters 1 and 2. I led writing
and analyses for both manuscripts with significant contributions including input,
guidance and revisions from co-authors Dr. David Boutt (University of Massachusetts
Amherst), Dr. LeeAnn Munk (University of Alaska Anchorage) and Dr. Scott Hynek
(Pennsylvania State University). Both manuscripts draw on similar geochemical, physical
hydrologic and geospatial datasets. Chapter 1 is a long-format paper that evaluates the
modern hydrologic budget of the Salar de Atacama topographic watershed and quantifies
potential water contributions from inter-basin transfer or draining groundwater storage
necessary to balance modern discharge. This chapter includes physical hydrologic
measurements, chloride and stable isotopic composition of waters, an adapted chloride
mass balance approach applied to a satellite precipitation dataset, and a 2D groundwater
model. Chapter 2, a short format manuscript, places the modern hydrologic system of
SdA in a geologic context by using halite accumulation as a proxy for long-term water
and solute delivery to SdA. This chapter predicts long-term water discharge through a
sodium mass balance and compares these fluxes to modern groundwater recharge. Both
chapters presented here incorporate additional text, tables and figures that are separated
into supplemental material or left out of manuscript submissions due to space constraints.
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CHAPTER 1
EXTREME IMBALANCE IN THE MODERN HYDROLOGIC BUDGET OF
SALAR DE ATACAMA, CHILE
1.1 Abstract
In the driest deserts of the world, groundwater resources are relicts of
paleohydrologic recharge events. The response time, flow paths, and timing of natural
aquifer recharge place critical constraints on modern hydrologic investigations,
paleoclimate reconstructions, and resource assessments, yet difficulties elucidating these
processes are confounded by long residence times, deep water tables, and large
uncertainties in hydrologic budgets. Integrating point sampling with satellite datasets
yields estimates of spatially-distributed water fluxes. Here we apply an adapted chloride
mass balance method to estimate infiltration rates as a function of precipitation. Applying
this function to the TRMM 2B31 precipitation dataset predicts groundwater recharge.
Groundwater recharge is compared to estimates of evapotranspiration from salars in a
steady state water budget to evaluate the dimensions of minimum contributing areas for
regional-scale flow. A 2D groundwater model of the potential hydrogeologic watershed
examines whether this system is still responding to climatic forcing from past pluvial
periods. We demonstrate an extreme imbalance in the modern hydrologic budget of the
SdA topographic watershed. A regional-scale watershed >4 times larger than the
topographic drainage combined with transient draining of groundwater recharged during
the late Pleistocene could resolve the observed imbalance. The application of steady state
assumptions to the modern hydrologic system are unsupported by observations and
1

difficult to justify in this geologic setting with extremely low recharge rates and high
topographic relief.
1.2 Introduction
As demands on water resources intensify, quantifying the hydrologic balance of
watersheds and contextualizing modern water fluxes in geologic time has increased
relevance to diverse research and management questions. Transient drainage of stored
groundwater is a well-known phenomenon of modern hydrologic systems of small [Alley
et al., 2002] and large basins [Andermann et al., 2012] on timescales of days to years.
Regional-scale groundwater flow paths that cross topographic drainage divides first
modeled by Tóth [1963] have been documented to resolve local hydrologic imbalance in
arid catchments globally [e.g. Schaller and Fan, 2009; Gleeson et al., 2011]. Focused
groundwater discharge in endorheic basins provides opportunities to investigate these
mechanisms, and the accumulation of evaporite minerals provides a proxy to compare
modern fluxes over the geologic record [e.g. Wood and Sanford, 1990; Rosen, 1994].
The Salar de Atacama (SdA), a large endorheic basin adjacent to the Central
Andes in the hyperarid Atacama Desert, has accumulated up to ~1.5 km of evaporites
since the late Miocene [Jordan et al., 2007]. The basin also hosts a world-class lithium
brine that provides approximately 38% of the global lithium supply [Maxwell, 2014].
Accumulating the evaporite deposit and associated brine requires large amounts of water
discharge over million year time scales. The significant size of the evaporite deposit and
high water discharge rates contrasted with the relatively small surficial drainage area and
hyperarid climate poses fundamental questions regarding closure of both the hydrologic
and solute budgets for the basin.
2

Despite receiving almost no precipitation on the SdA basin floor, water actively
discharges in federally-protected lagoons and wetlands and in perennial streams that
support agricultural communities. Furthermore, sustaining the accumulation of evaporites
consistently >1 km thick [Jordan et al., 2007] requires maintaining a water table within 2
m of the land surface [Tyler et al., 2006] over the 5-10 Ma timeframe of accumulation
[Jordan et al., 2007]. Components of the water budget of the relatively small and
hyperarid topographic watershed of the SdA and adjacent Altiplano-Puna Plateau [Kampf
and Tyler, 2006; Salas et al., 2010] have been studied extensively. While evidence for
modern recharge in the central Andes exists [Houston, 2007, 2009], rates, spatial extent,
pathways, and mechanisms are all poorly constrained [e.g. Montgomery et al., 2003;
Jordan et al., 2015; Rissmann et al., 2015]. Regional scale groundwater flow, inter-basin
transfer, and pulsed recharge events (10–100 year timescale) are documented [Houston,
2006b; Rissmann et al., 2015] at elevations ranging from 2000 m to 5500 m.
Furthermore, modern discharge observed at sites in the Atacama Desert is suggested to
reflect the draining of groundwater recharged during episodic pluvial periods (103–104
year timescale) in the Late Pleistocene and Holocene [e.g. Houston and Hart, 2004; Gayo
et al., 2012].
Attempts to balance the water budget of SdA [Dirección General de Aguas, 2013;
Rissmann et al., 2015], nearby closed basins [Houston and Hart, 2004] and plateau
margins in general [e.g. Andermann et al., 2012] are problematic due to significant
uncertainty in evaporative losses and recharge rates; however, here we show that despite
these uncertainties, the modern hydrologic system of SdA does not balance within the
topographic watershed and must include contributions from both regional-scale
3

groundwater flow (100s of km) and draining groundwater recharged during wetter
paleoclimatic intervals. The focused nature of groundwater discharge allows reassessment of conceptualizations of watershed boundaries near plateau margins and
steady-state water management strategies that may apply to similar arid, high-relief
regions globally.
1.3 Background
1.3.1 General salar hydrogeology
A salar, or playa, is a topographically closed intracontinental basin that has
accumulated evaporite minerals in the valley floor due to groundwater discharge [Rosen,
1994]. Mature salars containing thick halite sequences host heterogeneous aquifers with
variable fluid densities [Houston et al., 2011]. Salars accumulate evaporites when there is
a balance between water discharge and recharge such that potential evapotranspiration
exceeds precipitation [Eugster, 1980], but the water table remains near the ground surface
to permit evapotranspiration [Rosen, 1994; Tyler et al., 2006]. Sources of inflow water to
salars include local and regional groundwater recharged by precipitation, surface water,
direct precipitation on the salar surface, draining stored water, and hydrothermal fluids
[Rosen, 1994]. Local flow paths mimic topography, while regional flow paths may cross
topographic watershed borders [Tóth, 1963; Haitjema and Mitchell-Bruker, 2005].
Regional, or inter-basin, flow paths are common in arid areas with high topographic relief
[Schaller and Fan, 2009]. Basins hosting salars can often be divided into a high elevation
recharge area, zone of lateral fluid flow and a lower elevation discharge area [Maxey,
1968], and the high vertical relief in the watershed likely leads to the development of
local and regional groundwater flow paths [e.g. Haitjema and Mitchell-Bruker, 2005].
4

1.3.2 Geology of the Salar de Atacama
Salar de Atacama is a significant topographic depression over 17,000 km2
adjacent to the Alitplano-Puna plateau of the Central Andes that began accumulating a
massive halite deposit ~7 Ma, coincident with uplift of the Central Andean Plateau
[Jordan et al., 2002a, 2007; Ghosh et al., 2006; Reutter et al., 2006] (Figure 1). The
valley floor, at an elevation of 2300 m, is closed by the substantial topography of the
Andean Cordillera (> 5,500 m) to the north, south and east and the Cordillera de
Domeyko (> 3,500 m) to the west. The halite nucleus hosts a brine aquifer in the upper
40 m and is bordered by a transition zone where sulphate and carbonate deposits
interfinger with siliciclastic alluvium. These modern and ancient environmental gradients
document the evaporation of inflow water until it reaches halite saturation [Risacher et
al., 2003].
Alluvial fans are important for conducting water to SdA, and wetlands, springs
and lagoons discharge in the transition zone at the base of fans. At least seven perennial
and ephemeral streams emerge at stratigraphic and structural contacts on the northern,
eastern and southern margin of SdA [Dirección General de Aguas, 2013]. These streams
lose all surface water through alluvium before reaching gypsum and halite facies.
Extensive Plio-Pleistocene ignimbrites originating in the Altiplano-Puna Volcanic
Complex [e.g. Jordan et al., 2007; Salisbury et al., 2011] provide laterally continuous
hydrostratigraphic units from the Altiplano-Puna plateau to the SdA subsurface,
including the Patao (3.1 Ma), Tucucaro (3.2 Ma), and Atana (4.0 Ma) ignimbrites [e.g.
Lindsay et al., 2001; Jordan et al., 2002] (Figure 2, Figure 3). The Andean Cordillera,
characterized by active bimodal volcanism, is primarily composed of Neogene andesitic,
5

rhyolitic, dacitic and some basaltic rocks generally of high permeability [Ramirez and
Gardeweg, 1982; Water Management Consultants Ltda., 2007]. The central volcanic
zone of the Andes separates the Salar from the Altiplano-Puna plateau, a closed drainage
area that hosts numerous salars. The plateau is underlain by the Altiplano-Puna Volcanic
Complex, which has generated approximately 15,000 km3 of dense-rock equivalent
ignimbrites over 10 Ma and extends under SdA at depths < 10 km below ground surface
[Ward et al., 2014]. To the west, the Cordillera de Domeyko is composed of Cretaceous
to Paleogene Sedimentary units dominated by the Purilactis Group which includes over
6,000 m of syntectonic basin fill alluvial deposits, dunes and evaporites [Pananont et al.,
2004; Mpodozis et al., 2005]. The northern SdA is separated from the Cordillera de
Domeyko by the Cordillera de la Sal, an Oligocene to lower Miocene anticlinal fold of
Paleogene evaporites and fine to coarse grained clastic units [e.g. Pananont et al., 2004;
Jordan et al., 2007]. Basement rocks are pre-Cretaceous volcanic and sedimentary
successions including the relatively impermeable, primarily andesitic Peine Formation
that outcrops in the southeast and the early Paleozoic marine, plutonic and volcanic rocks
of the Cordon de Lila, a north plunging anticline in the south [Breitkreuz, 1995; Jordan et
al., 2002a; Reutter et al., 2006; González et al., 2007; Herrera Lameli, 2011].
The Salar can be divided into two distinct morphologic zones. North of the
Tumisa Volcano, the eastern slope of the Salar basin is characterized by monoclinal
folding blanketed by ignimbrite deposits and alluvial fans [e.g. Jordan et al., 2002;
Reutter et al., 2006]. South of the Tumisa Volcano, the cold lithospheric Peine block,
bounded by the north-south trending Peine Fault System to the west and Quebrada de
Nacimiento Fault to the east, separates the Salar from the Andes [Ramirez and
6

Gardeweg, 1982; Aron et al., 2008]. The relatively impermeable Peine block [Herrera
Lameli, 2011] likely diverts groundwater flow to the north and south, while the zone of
monoclinal folding is expected to be more conducive to regional groundwater flow based
on the presence of continuous laminated strata dipping towards the Salar [Jordan et al.,
2002a] (Figure 3). Extending north-south through the center of the Salar, the blind, highangle, down-to-the-east Salar Fault System accommodates over a kilometer of offset of
basin fill strata [Lowenstein et al., 2003; Jordan et al., 2007]. Jordan et al., [2002a,b]
suggest that this fault system acts as a barrier to groundwater flow causing orogenic scale
groundwater flow paths to discharge in SdA. Regional groundwater flow from the
Andean Cordillera to the Pampa de Tamarugal downgradient to the west of SdA has been
suggested by Pérez-Fodich et al. [2014], in areas north of SdA [Magaritz et al., 1990;
Montgomery et al., 2003] and from the Altiplano-Puna plateau to SdA [Jordan et al.,
2002a; Rissmann et al., 2015].
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Figure 1. Locator map and cross-section of elevation and precipitation for the SdA
region. (a) Elevations (0 to >6,000 m) from an ASTER DEM. Gages maintained by the
Chilean DGA. (b) ASTER DEM derived elevation and TRMM 2B31 estimates of MAP
from 1998 to 2001.
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Figure 2. Geologic map of the SdA basin and its surroundings. Modified from Reutter et
al. [2006]. Contour lines show the residual isostatic gravity field. Black lines are faults.
9

Figure 3. Geologic cross section along line 23o32’S shown in Figure 2. Unmodified from
Reutter et al., [2006].
1.3.3 Hydrology of the Salar de Atacama
SdA, situated in the hyper-arid Atacama Desert, receives almost no precipitation
on the basin floor due to its position relative to the subtropical high pressure zone, the
cold Humboldt Current off the Pacific coast and the Andean Cordillera acting as an
orographic barrier to precipitation [Hartley and Chong, 2002]. There is significant interannual rainfall variability; however, the majority of precipitation occurs during the austral
summer and during wetter La Niña years [Garreaud et al., 2003]. Infrequent highintensity rainfall events may play an important role in the regions hydrology through
pulsed groundwater recharge [Houston, 2006b]. Because the basin has been closed since
at least the late Miocene [Jordan et al., 2002a], evapotranspiration is the only mechanism
of surface water discharge.
Hyper-arid conditions in the Atacama Desert have existed since at least 25 Ma
and predate the uplift of the Andes [Lamb and Davis, 2003; Dunai et al., 2005]. Lake
10

hydrologic budget models based on shoreline deposits and sediment cores in the Bolivian
Altiplano suggest that precipitation may have been 2-3 times modern during at least four
intervals in the previous 130 ka, with the most recent wet period occurring during the
Heinrich 1/Tauca wet phase in the late Pleistocene [Placzek et al., 2013] (Figure 4).
During the Tauca wet phase (approximately 14–19 ka), Altiplano lake levels increased
tens of meters [Blodgett et al., 1997; Fritz et al., 2004; Placzek et al., 2006]. Water levels
in Laguna Lejia, approximately 40 km east of SdA, require 400–500 mm/year [Grosjean
et al., 1995], double modern rates, to explain their existence. Sedimentary records from
the Salar de Atacama also suggest that variable arid to hyper-arid climates have
dominated since 53 thousand years before present (ka) [Bobst et al., 2001; Godfrey et al.,
2003; Lowenstein et al., 2003]. Paleo-wetland deposits south of SdA suggest two wetter
periods from 15.9 – 13.8 ka and 12.7 – 9.7 ka, termed the Central Andean Pluvial Event
[Quade et al., 2008]. These observations are broadly consistent with records from rodent
middens and wetland deposits throughout the region, although the timing and magnitude
of water table response varies [Betancourt et al., 2000; Rech et al., 2002, 2003; Quade et
al., 2008]. Climate around SdA has been drier since the mid-Holocene based on the water
table being below ground surface at these paleo-wetland sites and sediment cores at SdA
and throughout the region [Rech et al., 2002; Quade et al., 2008; Placzek et al., 2013].
The most recent period from 3.0 ka to present has been the driest since the late
Pleistocene [e.g. Betancourt et al., 2000].
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Figure 4. Reconstructed precipitation on the Bolivian Altiplano over the last 130 ka from
Placzek et al. [2013].

1.4 Conceptualization and evaluation of the modern water budget
Constraining the modern hydrologic budget is critical to evaluating whether the
system is balanced within the topographic watershed. If the system is at steady state
within the topographic watershed, groundwater recharge from precipitation (GWR) plus
surface water runoff (R) would balance all evapotranspiration off of SdA (ETSdA) with no
change in storage (S) (Figure 5). When considering the water budget beyond the
topographic watershed one must also consider an additional loss term of ET from salars
and lakes in high elevation closed basins (ETHighElevSalars). The most conservative
conceptualization of the modern hydrologic balance can be described by:
∆𝑆 = 𝐺𝑊𝑅 + 𝑅 − 𝐸𝑇𝑆𝑑𝐴 − 𝐸𝑇𝐻𝑖𝑔ℎ𝐸𝑙𝑒𝑣𝑆𝑎𝑙𝑎𝑟𝑠

(1.1)

In the context of this equation, we provide rigorous estimates of spatially
distributed GWR as the critically under-constrained term for assessing the hydrologic
balance. A negative change in storage would suggest that water from outside the
12

topographic basin or drawn from storage is needed to close the modern budget, whereas a
positive change in storage would reflect recharge and surface water inputs currently
outpacing evapotranspiration. We evaluate equation (1.1) for both the topographic
watershed and the hydrogeologic watershed, which we define as the smallest potential
contributing area within which the steady state hydrologic budget closes within
reasonable uncertainty bounds.
The less conservative end member for conceptualizing the budget assumes that R
is sourced entirely from GWR instead of surface runoff from precipitation; where:
∆𝑆 = 𝐺𝑊𝑅 − 𝐸𝑇𝑆𝑑𝐴 − 𝐸𝑇𝐻𝑖𝑔ℎ𝐸𝑙𝑒𝑣𝑆𝑎𝑙𝑎𝑟𝑠 . The less conservative water budget for SdA
yields a more negative estimate of change in groundwater storage because we do not add
the surface water term in the equation.

Figure 5 Conceptualization of the conservative water budget equation (1.1) used to
evaluate the steady-state regional water budgets. Abbreviations include: Precipitation
(P); groundwater recharge from precipitation (GWR); surface water runoff (R);
evapotranspiration from SdA (ETSdA); evapotranspiration from high elevation salars
(ETHighElevSalars) and diffuse evapotranspiration from soil moisture and vegetation that
does not recharge the groundwater system (ETdiffuse). LGM: Last Glacial Maximum.
Figure by Scott Hynek.
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1.5 Data sources and methods
1.5.1 Precipitation
Precipitation estimates were obtained from the publically-available Tropical
Rainfall Measurement Mission (TRMM) 2B31 dataset of Mean Annual Precipitation
(MAP) derived from 1–3 daily measurements at a resolution of 25 km2 . A processed
TRMM 2B31 dataset was provided, calibrated and validated by Bookhagen and Strecker
[2008] over the period January 1, 1998 to December 31, 2009. This dataset was
compared to gage measurements from 28 meteorological stations in the Region of
Antofagasta maintained by the Chilean Dirección General de Aguas (DGA) and one
station maintained by the Sociedad Chilena de Litio/Rockwood Lithium Inc. Mean
monthly precipitation data was downloaded from the DGA
(http://snia.dga.cl/BNAConsultas/reportes) for all stations with data available over the
time period of the TRMM 2B31 dataset. The mean monthly gage data was averaged from
January 1, 1998 to December 31, 2009 to determine MAP for each station and compared
to the TRMM 2B31 MAP value at the same location.
1.5.2 Groundwater recharge
To determine GWR from P, we apply the chloride mass balance (CMB) method,
which has been successfully applied to basins to the north and northwest of SdA
[Houston, 2007, 2009], whereby

𝐺𝑊𝑅 =

𝑃∗𝐶𝑙𝑝
𝐶𝑙𝑔𝑤 −𝐶𝑙𝑟𝑤

Where:
Clp = chloride concentration in precipitation
Clgw = chloride concentration in groundwater
Clrw = chloride contribution to groundwater from rock weathering
14

(1.2)

Common assumptions used in the application of the CMB method include (1) P is the
only source of Cl to groundwater, and (2) Cl is conservative in the groundwater system
[Bazuhair and Wood, 1996]. Given abundant Cl in volcanic glass (~0.1 weight %) and
biotite (~0.2 weight %) from ignimbrites in the region we allow for the potential that 50
mg/l of Cl in groundwater could be sourced from rock weathering, thereby increasing
infiltration rates.
The basis for the GWR estimates is data derived from over 600 water samples
collected from 148 groundwater sites and 55 surface water sites between 2011 and 2014.
All samples were collected in clean HDPE bottles after passing through a 0.45 µm filter.
Samples were shipped to the University of Alaska Anchorage where all chemical
analyses were performed. After appropriate dilutions were performed based on sample
specific conductance, Cl was analyzed on a Dionex ICS 5000+ SP ion chomatograph
using an IonPac AS15 2x250mm column, 38mM KOH as eluent and ASRS 300
suppressor (Dionex). Sample injection volume was 10 µL. External calibration was used
with Dionex I Standard diluted to 5 levels ranging from 0 ppm to 10 ppm. Calibration
was checked with secondary standard (Anion II Std Dionex) and calibration verification
standards (CCV) were run every 10 samples. If CCV was below 95% or above 105%
recovery a new calibration was performed. Samples that exceeded the calibration by
120% were further diluted and analyzed again. Isotopic composition (δ2H, δ18O) was
measured by Picarro L-1102i WS-CRDS analyzer (Picarro, Sunnyvale, CA). Samples
were vaporized at 120ºC (150 ºC for higher salt content waters). International reference
standards (IAEA, Vienna, Austria) were used to calibrate the instrument to the VSMOWVSLAP scale and working standards (USGS45 and USGS46) were used with each
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analytical run. Long-term averages of internal laboratory standard analytical results yield
an instrumental precision of 0.86 ‰ for δ2H and 0.11 ‰ for δ18O.
Searching of this water sample database revealed 11 wells and 2 springs sampled
one to six times within the SdA watershed and 6 wells sampled by Cervetto Sepulveda
[2012] in the Chilean Puna Plateau that fit our criteria for CMB calculations. These
criteria are water samples located in recharge zones whose stable isotopic compositions
plot closely to the global meteoric water line [Craig, 1961] to minimize influence from
evaporation or potential salt recycling (deuterium excess >5). Cl concentration was
averaged for each site. Measurements of Cl in precipitation include four rain samples
collected in SdA as part of this study and published measurements from the Chilean Puna
Plateau [Cervetto Sepulveda, 2012] and Turi and Linzor region [Houston, 2007, 2009].
We apply equation (1.2) to sites that meet the above criteria and use TRMM 2B31
derived P estimates [Bookhagen and Strecker, 2008] to determine GWR. The calculated
relationship between P and GWR was fit with a power function (Fig. 2a), which was
applied to the TRMM 2B31 dataset to estimate mean annual GWR. Estimates of recharge
were confined to areas that do not contain permanent discharge features (salars and
lakes); therefore, the potential for these areas to function as GWR zones is neglected.
The fraction of P that does not recharge groundwater is assumed to evapotranspire or
contribute to R. Herein, we present the more conservative endmember for closing the
budget and consider that R is generated by precipitation runoff; however, baseflow in
these streams may be sourced entirely from GWR in which case these inflows would be
counted twice.
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1.5.3 Evapotranspiration
Evapotranspiration estimates from SdA (ETSdA) were compiled and summarized
from works that coupled (1) eddie covariance station measurements taken in 2001 to
remotely sensed land energy budgets (ETSdA range from 1.6-27.1 m3/s) [Kampf and Tyler,
2006] and (2) lysimeter measurements collected from 1983-1985 to land-type
classifications (ETSdA of 5.6 m3/s) [Mardones, 1986]. The infiltration rate determined
through the CMB method is assumed to account for diffuse ET from anywhere not
covered by a salar or lake. Many closed basins above 3500 m in elevation host zones of
focused evapotranspiration (ETHighElevSalars). Because no ETHighElevSalars measurements
were available, a linear regression for PET (mm/year) as a function of ground elevation
(m) for the Atacama region was used. This equation, whereby PET = 4367-(0.59*ground
elevation), was developed by Houston [2006a] based on pan evaporation from 12
meteorological stations. This equation was applied to a 30 m2 resolution Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Digital
Elevation Model (GDEM) to calculate gridded PET for the region. Polygons outlining
the borders of fresh lakes and salars were manually constructed based on Landsat
imagery. Mean PET was calculated for each salar or lake polygon using the Zonal
Statistics tool in ArcGIS. Mean PET (mm/year) multiplied by the polygon surface area
(m2) describes PET from each high elevation salar or lake (m3/s).
Because actual evapotranspiration (AET) does not usually equal PET, an estimate
for the ratio of AET to PET (AET/PET) was derived for salars in the regions. Published
measurements of AET available for salars in the region include SdA [Mardones, 1986;
Kampf and Tyler, 2006] and Salar de Pedernales [Johnson et al., 2010]. Ratios of the
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published measured AET for these sites to the predicted PET for the same area were
calculated. Multiplying the PET for each salar polygon by this range of ratios (AET/PET)
provides estimates of AET for each polygon. For the fresh Miniques and Miscanti Lakes
(specific conductance between 7,780 and 10,640 µs/cm), AET was assumed to equal 80%
of PET.
1.5.4 Surface water and shallow groundwater
Shallow (<200 m thick) groundwater flow to SdA was estimated using Darcy’s
law based on hydraulic gradients, hydraulic conductivity and aquifer geometry. The
topographic watershed was divided into five regions based on surficial drainages, and the
south and southeastern zones were further subdivided into the Peine Fan, Tilomonte
Valley, Tilocalar Ridge, Tilopozo Valley, and Tucucaro Fan regions. For these subregions, we determine the hydraulic gradient between the highest up-gradient wells to
avoid the influence of evapotranspiration based on 114 measurements of hydraulic head
collected in January 2014. Water levels were converted to equivalent freshwater head for
all sites with a specific conductance >20,000 µs/cm. Ground surface elevations were
obtained from industry-provided elevation surveys and a 0.7 m vertical resolution DEM.
Equipotential contours were manually drawn for the south and southeast zones, and
published contours were used for the other zones [Salas et al., 2010; Ortiz et al., 2014].
No data is available for the west zone; however shallow groundwater inflow here is likely
insignificant due to: (1) brine observed at the water table in a well over 2330 m in
elevation; and (2) the Llano de la Paciencia, a north-south trending zone of evaporite
accumulation, captures groundwater flow from the west and is isolated from the main
SdA by the Cordillera de la Sal. Average annual estimates of discharge [Dirección
18

General de Aguas, 2013] from seven perennial streams are added to estimates of
groundwater flow. There is the potential that stream inflow was double counted as
groundwater inflow in areas where head measurements are only available near losing
streams on alluvial fans.
1.5.5 Modern brine budget components
Comparing predicted and observed changes in head in the halite aquifer due to
pumping can provide insight about whether the modern brine system is closed. While
brine pumping began in 1984, these calculations consider a time period from January 1,
2000 to January 1, 2010 because of data availability. The change in head (h) is related to
the net change in brine volume (V) by ∆ℎ =

∆𝑉

; where Sy is the aquifer specific yield

𝑆𝑦 ∗𝐴

and A is the surface area of the halite nucleus. Sy, V and A are estimated from Sociedad
Chilena de Litio Ltda. [2009] and Houston et al. [2011]. The change in total volume of
brine is assumed to be described by:
∆𝑉𝑇𝑜𝑡𝑎𝑙 = 𝑉𝑝𝑢𝑚𝑝𝑖𝑛𝑔 + 𝑉𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑉𝑏𝑟𝑖𝑛𝑒 𝑟𝑒𝑐ℎ𝑎𝑟𝑔𝑒 + 𝑉𝑠ℎ𝑎𝑙𝑙𝑜𝑤 𝑠𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑖𝑛𝑓𝑙𝑜𝑤

(1.3)

The change in water level in response to precipitation events multiplied by the Sy of the
upper several meters of the nucleus provides estimates of Vbrine recharge. Evaporation rates
in the nucleus are compiled from Mardones [1986] and Kampf and Tyler [2006], and
pumping rates and estimates of shallow subsurface inflow are provided by Sociedad
Chilena de Litio Ltda. [2009].

19

1.6 Hydrologic balance
1.6.1 Precipitation
On the salar surface, annual precipitation averages 16 mm/year [Sociedad Chilena
de Litio Ltda., 2009], and over 300 mm/year may occur above 5,000 m within the
topographic watershed [Bookhagen and Strecker, 2008; Quade et al., 2008] (Figure 6a).
Approximately 50–80 mm/year of snow water equivalent occurs at 4500 m asl [Vuille
and Ammann, 1997] but likely sublimates before infiltrating [Johnson et al., 2010;
Dirección General de Aguas, 2013]. The TRMM 2B31 dataset is broadly consistent with
gage measurements (Figure 7, Figure 8, Table 1). MAP from 1998 to 2009, including the
wetter than average 2001, is 26.5 m3/s in recharge zones in the topographic watershed,
equivalent to a mean of 48 mm/year with a range of 0–340 mm/year (standard deviation
of 45 mm/year). Only 7% of the watershed area receives more than the 120 mm/year of
precipitation threshold required for significant GWR [Scanlon et al., 2006; Houston,
2007]. Most precipitation occurs above 3,500 m elevation (Figure 6a and b).
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Figure 6. Spatial distribution of P, GWR and PET used to evaluate the topographic and
regional scale hydrologic budget of the SdA. Gray polygons are salars and lakes. (a)
MAP from 1998-2009 based on TRMM 2B31 dataset. (b) Mean annual GWR from 19982009 determined by applying equation (1.4) to P dataset. (c) PET determined as a
function of elevation [Houston, 2006a].
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Figure 7. Meteorological stations in the Region of Antofagasta, Chile. Stations with
sufficient data from the period of 1998-2009 are shown as red triangles, and stations with
discontinuous or discontinued measurements are shown as black triangles. All stations
are maintained by the Chilean DGA, with the exception of SCL Planta that has been
maintained by the Sociedad Chilena de Litio/Rockwood Lithium, Inc.
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Figure 8. Comparison of gage data with remotely sensed precipitation estimates. Average
annual precipitation from 1998-2009 calculated from monthly DGA gage data and one
measurement from the Sociedad Chilena de Litio/Rockwood Lithium Inc. meteorological
station. TRMM 2B31 estimate of precipitation from the TRMM 2B31 dataset provided
by [Bookhagen and Strecker, 2008] for sites in the Region of Antofagasta, Chile.
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Table 1. Comparison of average annual precipitation between gage and remotely sensed
sources from 1998-2009 for the region of Antofagasta. Gage measurements are from the
DGA, with one measurement from the Sociedad Chilena de Litio meteorological station
(SCL Planta). Gridded precipitation is from the TRMM 2B31 dataset.
Meteorological
Station
Aguas Verdes
Antofagasta
Ascotan
Ayquina
Baquedano
Calama
Camar
Chiu-Chiu
Conchi Embalse
Conchi Viejo
Cupo
El Tatio
Inacaliri
Lequena
Ojos San Pedro
Parshall N2
Peine
Quillagua
Quinchamale
Rio Grande
SCL Plant
Sierra Gorda
Socaire
Talabre
Tal-Tal
Toconao Exp.
Toconce
Tocopilla

Easting Northing Elevation
WGS84
403389 7190650
358725 7389982
575136 7597754
570227 7536538
414749 7419946
509841 7517409
606276 7411224
536440 7529250
539003 7564490
528514 7572609
570641 7554915
601729 7526160
596588 7564208
535139 7605268
568440 7568716
549805 7573477
595346 7381030
444822 7605629
541684 7577572
585833 7495117
569278 7385349
467247 7468888
613485 7391129
613735 7421435
350886 7189130
602581 7435191
586111 7537991
378070 7557678

m asl
1600
50
3956
3031
1032
2260
3020
2524
3010
3491
3600
4320
4100
3320
3800
3318
2480
802
3020
3250
2300
1616
3251
3600
9
2430
3350
45

Distance
from SdA
km
270
220
200
140
160
130
30
140
170
180
160
130
170
210
170
180
20
250
180
100
0
130
40
40
310
40
140
250

Precipitation
Gage TRMM 2B31
mm/year
mm/year
6.7
18.7
2
0.2
66.2
34.9
31.4
56.6
1.5
4.6
2.8
12.7
25.9
52.3
6.3
38.7
14.5
0.1
28.6
3.7
81
86.8
129.7
123.7
119.8
76.4
61
18.7
58
30.0
23.1
23.1
18.6
20.9
0.4
23.0
18.3
19.6
58.7
17.9
15.1
22.7
0.9
26.8
22.8
31.7
54.4
78.1
7.5
4.4
21.3
74.3
75.6
17.9
1.3
3.4

1.6.2 Groundwater recharge
Chloride in precipitation ranged from 5-54.1 mg/l (Table 2). A range of 5-16 mg/l
and best estimate of 8 mg/l was used in the CMB equation. The higher sample (54.1
mg/l) is suspected to be contaminated because it is anomalously higher than observations
elsewhere in the region [Houston, 2007] and even coastal sites in the United States (e.g.
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National Atmospheric Deposition Program http://nadp.sws.uiuc.edu/data/ntn/). Cl
concentrations in groundwater at sites located in recharge zones with stable isotopic
compositions plotting closely to the global meteoric water line (Figure 9) ranged from
197.9 to 2830.9 mg/l (mean of sites 1124.3 mg/l) (Table 3). The range of precipitation
and the average Cl concentration for each groundwater site are used to solve for the
infiltration rate with the modified CMB method (equation 1.2). Including published
infiltration rates in the region from [Houston, 2009] yields a relationship for GWR as a
function of P based valid up to approximately 400 mm/year of rainfall with an R2 of 0.82:
GWR = (1.3*10–4)*P2.3

(1.4)

Applying equation (1.4) to the TRMM 2B31 dataset predicts 1.1 m3/s of GWR within the
topographic watershed (Figure 10). Infiltration rates vary from 0.5–3.5% based on a Cl
concentration in precipitation of 8 mg/l, and vary from 0.3–9.0% considering a range of
Cl concentrations in precipitation from 5–16 mg/l. More than 1 mm/year of GWR occurs
when precipitation exceeds 120 mm/year.
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Figure 9. Stable isotopic composition of samples considered for CMB calculations.
Samples (including both surface and groundwater) collected as part of this study and
from [Cervetto Sepulveda, 2012]. Only samples of inflow groundwater from wells in
alluvial fans that plot closely to the global meteoric water line, shown as solid black
diamonds, were selected for the CMB calculations.
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Figure 10. Results of the CMB analysis and histogram of precipitation in the topographic
watershed. (a) GWR determined by the CMB method based on samples in the SdA,
Linzor basin [Houston, 2009] and Chilean Puna de Atacama [Cervetto Sepulveda, 2012].
Uncertainty includes a range of Cl in precipitation from 5-16 mg/l. MAP from the
TRMM 2B31 dataset. Solid line is the best fit to calculated CMB results, while the
dashed line shows the infiltration rate required to close the steady state hydrologic budget
in the SdA topographic watershed. (b) Frequency distribution of gridded (25 km2) MAP
from the TRMM 2B31 dataset [Bookhagen and Strecker, 2008] within the SdA
topographic watershed.

27

Table 2. Chloride measured in precipitation in the SdA region. Samples collected as part
of this study (reference N/A) and compiled from [Cervetto Sepulveda, 2012] and
[Houston, 2007] . ND: no data available.
Sample ID
SDA185W
SDA189W
SDA190W
SDA220W
LAC.P001
Ascotan
Colchane
Collacagua
El Tatio

Date
1/19/2013
5/17/2013
5/17/2013
1/16/2014
1/1/2006
1999-2000
1999-2000
1999-2000
1999-2000

Longitude

Latitude

Elevation Cl

WGS84
-67.8534 -23.8374
-68.0673 -23.6818
-68.0673 -23.6818
-67.8549 -23.7876
-67.4450 -23.8281
-68.27
-21.72
-68.65
-19.28
-68.83
-20.05
-68.00
-22.37
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δ18O

δ2H

o
m asl mg/l
/oo VSMOW
3940
9.6 -16.91 -125.65
2307 54.1 -11.41 -94.61
2381
8.1 -18.88 -136.96
3825 15.8 -2.56 -6.62
4307
<10 -135.4 -17.97
3956
28 ND
ND
3965
10 ND
ND
3990
4 ND
ND
4345
5 ND
ND

Reference
N/A
N/A
N/A
N/A
Cervetto, 2012
Houston, 2007
Houston, 2007
Houston, 2007
Houston, 2007

Table 3. Sample sites, chloride measurements and calculated recharge rates. Parentheses
in recharge (GWR) and infiltration rate (GWR/P) include 5-16 mg/l range of chloride in
precipitation (P). SdA samples collected as part of this study. COL and PN samples from
[Cervetto Sepulveda, 2012]. Precipitation (P) from TRMM 2B31.
Site ID

Long.

Lat.

WGS84
SDA139W

SDA140W

SDA161W

Elev. Date
m asl

mg/l

-67.988 -23.495 2568 Average

SDA226W

SDA227W

SDA228W

δ18 O δ2 H

mg/l

o

320.9

222.7

-8.0

-56.9

207.7

231.8

-8.3 -60.0

201.9

220.5

-7.7 -56.8

1/11/2013

555.3

225.1

-7.5 -54.8

5/19/2013

311.6

224.0

-8.1 -55.1

1/17/2014

327.9

212.0

-8.6 -58.0

-68.050 -23.476 2340 Average

277.3

217.0

4/3/2012

224.8

210.9

-8.0 -62.4

9/24/2012

366.5

215.6

-8.4 -63.3

1/11/2013

319.9

238.2

-8.1 -58.7

5/19/2013

197.9

203.2

-8.3 -56.6

1579.7

913.0

-68.112 -23.771 2338 Average

-8.2

-7.8

-60.3

-54.3

9/29/2012

1650.2 1075.0

-7.6 -54.6

1/12/2013

1745.9

904.9

-7.8 -54.2

1/13/2013

1732.7

779.4

-7.9 -53.8

5/14/2013

1949.4

904.9

-7.8 -54.2

1/14/2014

1525.9 1001.9

-8.0 -55.9

873.8

811.9

228.5

215.4

1/19/2013

231.3

220.1

-7.9 -57.9

5/19/2013

225.7

210.8

-8.5 -58.5

1339.9

768.5

1/19/2014

1457.5

811.6

-7.5 -52.2

8/18/2014

1222.3

725.5

-7.1 -48.3

1032.3

621.5

1/19/2014

842.1

686.9

-8.6 -58.0

8/18/2014

1222.6

556.1

-8.8 -60.9

1107.7

705.5

1/19/2014

948.0

711.2

-9.0 -60.8

8/18/2014

1267.4

699.8

-8.7 -58.8

1/19/2014

1232.9

882.3

-8.8

1328.4

782.6

-7.3

9/30/2011

1983.3

696.2

-7.7 -56.2

1/12/2012

1097.1

718.6

-8.7 -63.4

4/8/2012

1414.2

798.8

-8.6 -65.6

9/26/2012

819.0

916.8

-8.6 -61.2

-67.985 -23.491 2574 Average

-68.137 -23.794 2329 Average

-68.134 -23.800 2338 Average

-68.136 -23.789 2335 Average

-68.118 -23.746 2313

SDA2W

-68.081 -23.671 2333 Average

-68.053 -23.365 2387 Average

P
mm/year

GWR

GWR/P

mm/year

%

7.4

86

2.1 (1.3-5.1) 2.5 (1.6-5.9)

5.3

18

0.5 (0.3-1.3) 2.9 (1.8-7.0)

8.2

15 0.1 (0-0.2)

0.5 (0.3-1.0)

-7.9 -53.1
-8.2

-7.3

-8.7

-8.8

-7.3

-58.2

7.4

66

2.3 (1.4-5.9) 3.5 (2.2-9.0)

8.3

17

0.1 (0.1-0.2) 0.6 (0.4-1.2)

9.9

17

0.1 (0.1-0.3) 0.8 (0.5-1.6)

10.9

17

0.1 (0.1-0.3) 0.7 (0.5-1.5)

-61.1

9.3

17

0.1 (0.1-0.2) 0.6 (0.4-1.4)

-52.2

6.4
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0.2 (0.1-0.4) 0.6 (0.4-1.3)

6.5

18

0.4 (0.2-0.9) 2.2 (1.4-5.0)

-50.3

-59.5

-59.8

369.0

340.3

1/13/2012

354.2

301.1

-7.3 -52.2

-52.2

4/3/2012

370.6

365.1

-7.5 -54.7

1/11/2013

382.9

341.9

-7.1 -51.3

5/19/2013

368.4

353.1

-7.4 -50.5
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D-ex

/oo VSMOW

4/3/2012

SDA229W

SDA76W

Nagw

9/24/2012

8/18/2014
SDA186W

Clgw

SDA84W

SDA85W

-68.057 -23.569 2329 Average
4/7/2012

2830.9 1620.1

-8.2 -60.5

2197.2 1334.5

-8.2 -59.6

5/19/2013

2042.3 1284.0

-7.9 -56.2

1/11/2013

2259.0 1722.3

-8.2 -56.2

1/9/2014

2312.0 1353.2

-8.3 -58.7

1527.8

921.6

-8.3 -60.5

-8.3

-59.2

7.1

0.0 (0-0.1) 0.3 (0.2-0.7)

15 0.1 (0-0.2)

0.5 (0.3-1.0)

1867.5 1048.1

-8.3 -62.5

1576.7 1000.4

-8.4 -62.4

1/12/2013

1668.3

957.3

-8.2 -57.6

5/14/2013

1483.7

852.0

-8.2 -55.8

1/9/2014

1671.4

971.4

-8.3 -56.5

1/9/2014

1323.1

867.0

-9.2

-64.2

9.6

17

0.1 (0.1-0.2) 0.6 (0.4-1.3)

960.0

652.0

-11.3

-81.1

9.3

90

0.8 (0.5-1.6) 0.9 (0.5-1.8)

6.6

44

0.3 (0.2-0.6) 0.7 (0.4-1.4)

10/30/2008

994.3

692.0 -11.2 -81.2

10/30/2008

925.6

612.0 -11.4 -80.9

-67.451 -23.676 4376 Average

1220.0

0.0

-11.0

-81.5

11/26/2004

1250.0

0.0 -11.0 -80.2

11/26/2004

1220.0

0.0 -10.9 -81.4

11/27/2004

1190.0

0.0 -11.1 -82.9

11/27/2004

1220.0

0.0

-11.1

-82.0

6.9

44

0.3 (0.2-0.6) 0.7 (0.4-1.4)

1533.3

593.3

-11.2

-81.7

7.8

44

0.2 (0.1-0.5) 0.5 (0.3-1.1)

7.2

44

0.3 (0.2-0.6) 0.6 (0.4-1.3)

7.2

44

0.3 (0.2-0.7) 0.7 (0.5-1.5)

PN.T007.6

-67.452 -23.692 4361 Average
9/1/2005

1510.0

593.0 -11.2 -79.8

1/16/2005

1540.0

597.0 -11.2 -82.8

1/20/2005

1550.0

590.0 -11.2 -82.5

-67.453 -23.677 4374 Average

-67.449 -23.678 4383

958.5

14

4/8/2012

-67.451 -23.693 4364

PN.T014

1632.6

7.0

9/25/2012

PN.T006.1

PN.T008.2

-58.4

9/24/2012

COL.T008.1 -67.507 -23.885 4261 Average

PN.T005.1

-8.2

-8.3 -59.3

-68.114 -23.780 2351 Average

-68.109 -23.791 2373

1460.1

2214.0 1446.5

1/14/2012

SDA8AW

2309.2

1/14/2012

1250.0

434.7

-11.1

-81.8

12/22/2004

1260.0

425.0 -11.2 -81.4

1/16/2005

1240.0

442.0 -11.2 -82.0

1/20/2005

1250.0

437.0 -11.0 -81.9

10/29/2008

1097.1

0.0

-11.1

-81.7

1.6.3 Evapotranspiration
Published ETSdA ranges from 1.6–27.1 m3/s [Mardones, 1986; Kampf and Tyler,
2006]. Of this range, we consider a maximum ETSdA of 22.7 m3/s because higher
estimates over-predict fluxes from the nucleus [Kampf and Tyler, 2006]. A minimum
ETSdA of 5.6 m3/s is considered because it is more consistent with calculations of shallow
surface and groundwater inflow and is the current estimate used to manage the water
resources of the basin [Dirección General de Aguas, 2013]. The majority of
evapotranspiration occurs from transition zones along the edge of the nucleus, with rates
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up to 5.8 mm/day observed in lagoons [Mardones, 1986; Kampf and Tyler, 2006].
Almost no (<0.005 mm/day) water evaporates from the halite nucleus due to high fluid
density and low capillary rise potential [Kampf and Tyler, 2006].
The lower ETSdA estimate of 5.6 m3/s [Mardones, 1986] is approximately 2 % of
the PET predicted for SdA based on its elevation, while the higher ETSdA estimate of 22.7
m3/s [Kampf and Tyler, 2006] is approximately 8 % of PET (Table 4). AET from the
Salar de Pedernales (0.58 m3/s, [Johnson et al., 2010]) is also 8 % of PET.
Conservatively, AET is allowed to vary from 0.5 to 8 % of PET, and PET at each high
elevation salar is multiplied by this range of rates to constrain ETHighElevSalars (Table 5).

Table 4. Actual evapotranspiration as a fraction of potential evapotranspiration for the
Salar de Pedernales and Salar de Atacama.
Salar

Salar de Atacama
Salar de Pedernales

Surface Average
Mean Standard Mean
Area Elevation AET PET Deviation PET AET/PET
km2
2750
2864
315

m3/s mm/year mm/year m3/s
m asl
2313 5.6
2999
13
262
2313 22.7
2999
13
272
3356 0.58
2384
6
24

31

%

Reference for
AET estimate

2 Mardones, 1986 / DGA, 2010
8 Kampf and Tyler, 2006
2 Johnson et al., 2010

Table 5. Summary of land type, surface area, mean annual potential evapotranspiration
(PET) and actual evapotranspiration (AET). Each row corresponds to a discharge zone
polygon , and each lettered watershed includes all cumulative discharge zones in the
smaller watersheds. Starred areas in watershed B are Miscanti and Miniques lakes where
AET is assumed to be 80 % of PET.
Zone Area Mean PET

B

C

D

E
F

G

H

I

J

(km2 )
1.3*
12.8*
1.8
112.6
13.3
14.9
11.8
22.2
13.5
29.6
3.0
1.9
2.6
11.9
15.5
8.3
71.4
39.2
0.6
1.3
1.2
105.0
58.1
51.8
0.9
2.8
0.6
1.8
16.9
1.9
0.2
5.2
15.3
7.3
358.8
120.5
0.4
2.2
0.9
0.8
12.5

(m3 /s)
8.2E-02
7.8E-01
1.0E-01
6.7E+00
7.2E-01
8.6E-01
7.7E-01
1.4E+00
8.8E-01
2.1E+00
2.2E-01
1.1E-01
1.6E-01
8.7E-01
9.2E-01
4.9E-01
4.3E+00
2.3E+00
3.2E-02
6.4E-02
6.2E-02
5.9E+00
4.8E+00
3.0E+00
5.0E-02
1.5E-01
3.2E-02
9.4E-02
9.1E-01
1.0E-01
1.1E-02
3.0E-01
9.5E-01
3.7E-01
2.5E+01
8.2E+00
2.2E-02
1.1E-01
4.7E-02
4.0E-02
6.9E-01

Mean AET (m3 /s)
2%
6.5E-02
6.2E-01
2.0E-03
1.3E-01
1.4E-02
1.7E-02
1.5E-02
2.9E-02
1.8E-02
4.2E-02
4.3E-03
2.3E-03
3.3E-03
1.7E-02
1.8E-02
9.9E-03
8.6E-02
4.5E-02
6.4E-04
1.3E-03
1.2E-03
1.2E-01
9.6E-02
6.0E-02
1.0E-03
3.0E-03
6.4E-04
1.9E-03
1.8E-02
2.0E-03
2.2E-04
6.0E-03
1.9E-02
7.5E-03
4.9E-01
1.6E-01
4.3E-04
2.2E-03
9.3E-04
7.9E-04
1.4E-02

0.5%
6.5E-02
6.2E-01
5.1E-04
3.4E-02
3.6E-03
4.3E-03
3.8E-03
7.2E-03
4.4E-03
1.1E-02
1.1E-03
5.7E-04
8.2E-04
4.4E-03
4.6E-03
2.5E-03
2.1E-02
1.1E-02
1.6E-04
3.2E-04
3.1E-04
3.0E-02
2.4E-02
1.5E-02
2.5E-04
7.6E-04
1.6E-04
4.7E-04
4.5E-03
5.0E-04
5.5E-05
1.5E-03
4.8E-03
1.9E-03
1.2E-01
4.1E-02
1.1E-04
5.6E-04
2.3E-04
2.0E-04
3.5E-03

8%
6.5E-02
6.2E-01
8.2E-03
5.4E-01
5.8E-02
6.9E-02
6.1E-02
1.2E-01
7.0E-02
1.7E-01
1.7E-02
9.1E-03
1.3E-02
7.0E-02
7.3E-02
3.9E-02
3.4E-01
1.8E-01
2.6E-03
5.2E-03
5.0E-03
4.7E-01
3.8E-01
2.4E-01
4.0E-03
1.2E-02
2.5E-03
7.5E-03
7.3E-02
8.0E-03
8.8E-04
2.4E-02
7.6E-02
3.0E-02
2.0E+00
6.6E-01
1.7E-03
9.0E-03
3.7E-03
3.2E-03
5.5E-02

Zone Area Mean PET

J

K

L

M

N

O
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(km2 )
3.3
1.2
34.1
22.9
4.9
6.9
1.8
33.5
81.0
19.1
141.5
2.1
1.9
2.1
113.2
1091.5
154.0
12.1
20.8
119.4
5.4
12.8
115.7
1.0
2.9
0.8
1.5
3.7
5.4
247.5
19.9
7.3
0.5
98.6
24.4
144.9
0.6
0.8
2.5
0.6

(m3 /s)
1.8E-01
6.4E-02
1.9E+00
1.2E+00
2.6E-01
3.8E-01
1.0E-01
1.9E+00
5.3E+00
1.3E+00
9.3E+00
1.1E-01
1.0E-01
1.1E-01
8.3E+00
8.0E+01
1.1E+01
7.6E-01
1.4E+00
8.3E+00
2.9E-01
6.9E-01
6.4E+00
5.2E-02
1.6E-01
4.7E-02
8.2E-02
2.1E-01
3.0E-01
2.1E+01
1.4E+00
4.3E-01
3.1E-02
7.1E+00
1.6E+00
9.8E+00
3.4E-02
4.1E-02
1.4E-01
3.3E-02

Mean AET (m3 /s)
2%
3.6E-03
1.3E-03
3.7E-02
2.5E-02
5.3E-03
7.6E-03
2.0E-03
3.7E-02
1.1E-01
2.5E-02
1.9E-01
2.3E-03
2.0E-03
2.3E-03
1.7E-01
1.6E+00
2.2E-01
1.5E-02
2.9E-02
1.7E-01
5.7E-03
1.4E-02
1.3E-01
1.0E-03
3.2E-03
9.4E-04
1.6E-03
4.2E-03
6.1E-03
4.1E-01
2.8E-02
8.6E-03
6.1E-04
1.4E-01
3.2E-02
2.0E-01
6.8E-04
8.2E-04
2.7E-03
6.6E-04

0.5%
9.0E-04
3.2E-04
9.3E-03
6.1E-03
1.3E-03
1.9E-03
5.0E-04
9.3E-03
2.6E-02
6.3E-03
4.6E-02
5.7E-04
5.1E-04
5.7E-04
4.2E-02
4.0E-01
5.4E-02
3.8E-03
7.2E-03
4.2E-02
1.4E-03
3.4E-03
3.2E-02
2.6E-04
8.0E-04
2.3E-04
4.1E-04
1.0E-03
1.5E-03
1.0E-01
7.0E-03
2.2E-03
1.5E-04
3.6E-02
7.9E-03
4.9E-02
1.7E-04
2.1E-04
6.8E-04
1.7E-04

8%
1.4E-02
5.1E-03
1.5E-01
9.8E-02
2.1E-02
3.0E-02
8.0E-03
1.5E-01
4.2E-01
1.0E-01
7.4E-01
9.1E-03
8.1E-03
9.2E-03
6.7E-01
6.4E+00
8.6E-01
6.1E-02
1.1E-01
6.7E-01
2.3E-02
5.5E-02
5.1E-01
4.2E-03
1.3E-02
3.8E-03
6.5E-03
1.7E-02
2.4E-02
1.6E+00
1.1E-01
3.4E-02
2.5E-03
5.7E-01
1.3E-01
7.9E-01
2.7E-03
3.3E-03
1.1E-02
2.7E-03

1.6.4 Surface water and shallow groundwater
Approximately 3.2 m3/s of shallow subsurface groundwater enters SdA based on
hydraulic gradients, general aquifer properties and Darcy’s Law (Figure 11, Figure 12,
Table 6). The Direccion General de Aguas [2013] estimates total streamflow to SdA is
1.6 m3/s based on gage measurements, which exceeds estimated GWR (1.1 m3/s) within
the topographic watershed. The sum of shallow groundwater and streamflow (4.6 m3/s)
reasonably explains low estimates of ETSdA (5.6 m3/s); however, GWR within the
topographic watershed accounts for only 24% of these inflows and only 5–20% of ETSdA.
Accounting for the full range of discharge from evapotranspiration (5.6 to 22.7 m3/s) with
GWR in the topographic watershed requires an average infiltration rate for the basin of
21 to 86 %, which greatly exceeds average infiltration rates for arid regions globally of
0.1–5% [Scanlon et al., 2006] and infiltration rates observed in the Linzor and Turi
basins [Houston, 2007, 2009].
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Figure 11. Map of potentiometric surface and gaged streams . Hydraulic gradients used to
compute shallow groundwater inflow determined based on the highest upgradient
equipotential lines. Red equipotential lines drawn based on head measurements collected
as part of this study (detail in Figure 12). Blue and gray equipotential lines digitized from
Salas et al. [2010] and Ortiz et al. [2014] respectively.
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Figure 12. Detail of potentiometric map of the inferred unconfined water table
constructed for the southern SdA based on water levels collected in January 2014. All
brine measurements were converted to equivalent freshwater head.
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Table 6. Parameters and estimates of shallow subsurface and surface inflow to SdA. Best
estimates of parameters used in Darcy’s law calculation to determine GW inflow include
hydraulic gradient (i), hydraulic conductivity (K), aquifer thickness (b) and crosssectional area perpendicular to flow (A). Estimates of surface water runoff (R) are from
Direccion General de Aguas [2013]. No data (ND) was available for the west zone.
Zone

Subzone

i

K

b

A

3

R*

GW+R

3

m /s

m /s

m3/s

m/day

m

0.004
0.003
0.002

10
20
20

160
40
50

6.4E+05
1.1E+05
1.1E+05

0.3
0.1
5E-02

0
0
0

0.3
0.1
5E-02

0.002

20

50

1.8E+05

0.1

0.07

0.16

0.002

20

50

2.0E+06

1.0

0.19

1.14

Northeast

0.001

20

70

4.7E+06

1.1

0.25

1.34

North
West
Total

0.002
ND

20
ND

130
ND

1.8E+06
ND

0.6
ND
3.2

1.08
ND
1.58

1.72
ND
4.8

Tilopozo
Valley
Tucucaro Fan
Tilocalar
Tilomonte
Southeast Valley
Peine Block
Fan
South

m

GW
2

1.6.5 Steady state hydrologic balance
Within the topographic watershed, ETSdA is 2-8 times (2.9-20 m3/s) higher than
the modern recharge from precipitation combined with streamflow (Table 7). Some
streamflow is likely sourced from groundwater [e.g. Hoke et al., 2004] and therefore
counted twice, yielding higher inflow estimates. The results presented in Table 7 and
discussed throughout this chapter represent the conservative end member of the
hydrologic imbalance compared to the alternative water budget conceptualization that
assumes R is sourced entirely from GWR (Table 8). The hydrogeologic watershed
required for GWR to balance evapotranspiration has a surface area over 75,000 km2, 4
times larger than the topographic watershed (Figure 13 scenario M; Table 7).
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Table 7. Conservative water balance for the topographic and hydrogeologic watersheds of
SdA. The conservative estimate assumes that R is sourced from precipitation runoff
rather than GWR. All units are m3/s unless otherwise noted. Surface water inflow from
Direccion General de Aguas [2013]. Evapotranspiration for areas below 2370 m
elevation from Mardones [1986] and Kampf and Tyler [2006]. Parentheses show
uncertainty range.
Topographic
Watershed

Hydrogeologic
Watershed

Total Surface Area (km2)

17257

75924

Area of Recharge Zones (km2)

14319

69676

26.5

166.7

1.1
(0.9-1.3)

10.0
(8.0-12.0)

1.6
(0.5-2)

1.6
(0.5-2)

5.6
(5.6-22.7)

5.6
(5.6-22.7)

0

5.0
(1.8-17.8)

-2.9
(-21.3--2.3)

1.0
(-32.0-+6.6)

(P)

Precipitation

(GWR)

Recharge from precipitation

(R)

Surface water inflow
Evapotranspiration from SdA
Evapotranspiration from
higher elevation salars
ΔStorage

(ETSdA)
(ETHighElevSalars)
(ΔS)

Table 8. Less conservative evaluation of water budget components assuming that R is
sourced entirely from GWR. All units are m3/s unless otherwise noted.
Evapotranspiration from SdA from Mardones [1986] and Kampf and Tyler [2006].
Topographic
Watershed
Total Surface Area (km2)
Precipitation

Recharge from precipitation

Evapotranspiration from SdA
Evapotranspiration from
higher elevation salars

Storage

Hydrogeologic
Watershed

17257

75924

26.5

166.7

(GWR)

1.1
(0.9-1.3)

10.0
(8.0-12.0)

(ETSdA)

5.6
(5.6-22.7)

5.6
(5.6-22.7)

0

5.0
(1.8-17.8)

-4.5
(-21.8--4.3)

-0.6
(-32.5-+4.6)

(P)

(ETHighElevSalars)

(ΔS)
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Figure 13. (a) Potential regional watersheds and (b) corresponding estimates of
groundwater recharge from precipitation and evapotranspiration. Each lettered zone
includes the cumulative area of all smaller zones. A is the topographic watershed, and M
is the inferred hydrogeologic watershed where GWR best balances ET. Shading shows
20% uncertainty. Background is an ASTER DEM.
1.6.6 Steady state brine balance
From 2000 to 2010, observed brine levels in the nucleus declined a net average of
0.3 m (Table 9). Despite these numbers being specific to an isolated area of the halite
aquifer, they are remarkably consistent over the extent the nucleus (Table 9, Figure 14,
Figure 15). This net head decline includes responses to recharge from precipitation so
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therefore represents a conservative estimate of potential decline from the removal of
brine during this time period. Estimates of the specific yield (Sy) of the brine aquifer
range from 18% near ground surface to 3.5% at depth of 40 m based on pumping tests
[Sociedad Chilena de Litio Ltda., 2009] (localized areas of higher Sy is likely in a salt
aquifer). Because recharge and brine removal occurs in the upper 3 m of the halite
aquifer, a range of Sy of the upper several meters was considered from 5.5%
(representative of entire halite aquifer) to 18% (highest observed in upper 3 m) (Figure
16). Pumping of brine from 2000-2010 by both mining companies operating in SdA
totaled 0.2 km3, equivalent to an average of 0.7 m3/s (Table 10) [Sociedad Chilena de
Litio Ltda., 2009]. We estimate an equivalent of 0.4 m3/s of precipitation recharged the
brine aquifer over the same period. Evaporation rates in the nucleus range from 0.005
mm/day (0.1 m3/s) [Mardones, 1986] to below detection limit of <0.1 mm/day [Kampf
and Tyler, 2006]. Industry conceptual models [e.g. Sociedad Chilena de Litio Ltda.,
2009] include 0.1 m3/s of shallow subsurface inflow from the transition zone to balance
evaporation from the nucleus. Geochemical data suggest little connectivity between the
nucleus brine and the lagoon waters, so we consider a range of 0–0.1 m3/s of shallow
subsurface inflow in these calculations.
Based on the above estimates, the brine volume from 2000–2010 changed by -0.4
m3/s with a potential uncertainty range from -0.7 to 0.1 m3/s (Table 10). An intermediate
estimate for predicted head decline in the nucleus is 0.6 m, which is double the net
observed decline of 0.3 m. Using the observed the net head decline (0.3 m) predicts an
intermediate estimate of total change in brine volume of -0.2 m3/s. The residual between
this predicted change in brine volume (-0.2 m3/s) and the intermediate estimated change
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in volume over the 10 years of record (-0.4 m3/s) represents one estimate for the potential
amount of fluid entering the nucleus halite aquifer (0.1 m3/s). Nonetheless, the highest
estimate of Sy (18%) yields higher estimates of brine recharge that overpredict observed
head declines. If all other parameters are held constant and no other inflow sources are
included, a specific yield of 15% balances the observed inputs and outputs from 20002010 and matches the observed head declines.
Table 9. Change in measured hydraulic head in wells in the SdA nucleus. Water level
data for wells 1024, 1028, 2028, 2040, SOPM-2, SOPM-4, SOPM-5, SOPM-10, SOPM11 and SOPM-12C are from SQM and (Arcadis) [2013]. Data from TPB wells are from
pressure transducer measurements downloaded as part of this study.
Well
Time 1
Observation 1 (m) Time 2 Observation 2 (m) dh (m)
1024
Jan. 2000
2298.9
Jan. 2010
2298.6
-0.3
1028
Jan. 2000
2299.1
Jan. 2010
2298.8
-0.3
2028
Jan. 2000
2298.85
Jan. 2010
2298.55
-0.3
2040
Jan. 2000
2299.2
Jan. 2010
2298.8
-0.4
SOPM-2
Jan. 2000
2298.9
Jan. 2010
2298.58
-0.3
SOPM-4
Jan. 2000
2298.65
Jan. 2010
2298.32
-0.3
SOPM-5
Jan. 2000
2298.7
Jan. 2010
2298.32
-0.4
SOPM-10
Jan. 2000
2298.81
Jan. 2010
2298.45
-0.4
SOPM-11
Jan. 2000
2298.9
Jan. 2010
2298.5
-0.4
SOPM-12C
Jan. 2000
2299.01
Jan. 2010
2298.65
-0.4
TPB2
Jan. 2000
2297.3
Jan. 2010
2296.95
-0.4
TPB3
Jan. 2000
2297.35
Jan. 2010
2297
-0.3
TPB4
Jan. 2000
2297.5
Jan. 2010
2297.16
-0.3
TPB5
Jan. 2000
2297.38
Jan. 2010
2297.15
-0.2
TPB6
Jan. 2000
2297.5
Jan. 2010
2297.15
-0.3
Average
-0.3
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Figure 14. Brine elevation in the TPB wells in the southern SdA nucleus. Measurements
were collected by hand measurements before 2008 and by pressure transducers after
2008. Similar trends in brine levels were observed in wells throughout the nucleus

Figure 15. Map of monitoring wells in the halite nucleus. Water level data from TPB
wells are from pressure transducer measurements downloaded as part of this study and all
other wells are from SQM and (Arcadis) [2013].
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Figure 16. (A) Estimate of specific yield with depth in the SdA brine aquifer. Sy is based
on estimates from pumping tests [Sociedad Chilena de Litio Ltda., 2009] shown in black
squares and a trend with depth modified from [Houston et al., 2011]. (B) Unmodified
trend of Sy with depth in halite from [Houston et al., 2011].
Table 10. Nucleus aquifer properties and estimated fluid fluxes. Calculations apply to the
time period from January 1, 2000 to December 31, 2009. Discharges are based on a
nucleus surface area of 1700 km2. Negative signs denote brine removed from the aquifer.
Best Estimate Lower Bound Upper Bound
Specific yield of upper 3 m (%)
12
5.5
18
3

Brine recharge from precipitation (m /s)
3

Evaporation (m /s)
3

Brine pumping (m /s)
3

Shallow subsurface inflow (m /s)
3

Net change in brine (m /s)
Predicted change in head (m)
Difference predicted vs. observed (m3/s)
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0.4

0.2

0.7

-0.1

-0.1

0.0

-0.7

-0.7

-0.7

0

0

0.10

-0.4
-0.6

-0.7
-2.2

0.1
0.1

0.1

0.6

-0.4

1.6.7 Additional metrics of hydrologic imbalance
The water table ratio (WTR) for the topographic watershed of SdA was calculated
following methods outlined in Haitjema and Mitchell-Bruker [2005]and Gleeson et al.
[2011]. The WTR is a dimensionless criterion that describes whether the water table is
likely (1) topographically controlled and mimics topography, or (2) recharge controlled
and disconnected from topography with strong potential for inter-basin flow. The WTR is
defined by log(𝑊𝑇𝑅) = log(

𝑅𝐿2
𝑚𝐾𝐻𝑑

), with abbreviations explained in Gleeson et al.

[2011] where a more positive log(WTR) suggests topography controlled water tables and
a more negative log(WTR) suggests recharge controlled water tables. Log(WTR) for SdA
ranges from -3.6 to -5.3 (Table 11), which suggests strongly recharge-controlled water
table similar to those of the arid southwestern United States [Gleeson et al., 2011].
The groundwater footprint calculation [Gleeson et al., 2012] was modified to include
groundwater abstraction only from natural sources (evapotranspiration) in order to
approximate the area required to support discharge rates. The groundwater footprint (GF)
modified from Gleeson et al. [2012] is: GF = A[ET/(GWR-R)], where A is the area of
interest, ET is the groundwater abstraction rate, GWR is the recharge rate and R is
baseflow. The SdA topographic watershed has a groundwater footprint of 87,850 to
365,121 km2, or 5-21 times the area of the topographic watershed (Table 12, Figure 17).
The discharge to recharge ratio of a watershed (Qr/R ratio) developed by Schaller and
Fan [2009] can be used to determine whether a basin is a groundwater importer (Qr/R
>1) or exporter (Qr/R<1). The river discharge term (Qr) is replaced with ETSdA, while
the GWR estimates are used for basin recharge (R). The SdA topographic watershed has
a modern Qr/R ratio of 4.9 to 19.9 depending on whether the ET rate of 5.6 m3/s or 22.7
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m3/s is used (Table 13). Using the lower ET rate, the Qr/R ratio for watersheds A through
N is >1 (groundwater importer) and <1 (groundwater exporter) only for watershed O,
although the Qr/R ratio for watershed M is 1.1 and within the uncertainty range. Using
the higher ET rate, the Qr/R ratio exceeds 1 for all considered watershed configurations.
Table 11. Water Table Ratio for the SdA topographic watershed. The average areal
recharge rate is calculated based on the raster of GWR presented in Figure 6b, and the
maximum terrain rise is derived from an ASTER DEM. Values approximate bulk aquifer
properties for the SdA. We copy the values presented in Gleeson et al. [2011] for
distance between surface water bodies, more conservative estimate for the average
vertical extent of the groundwater flow system and constant.
Description
Areal recharge rate (mm/year)
Distance between surface water bodies (km)
Hydraulic conductivity (m/day)
Average vertical extent of groundwater flow system (m)
Maximum terrain rise (m)
Constant (unitless)
log Water Table Ratio

Abbreviation
R
L
K
H
d
m
log(WTR)

Value
2.5
10
1 to 10
100 to 500
3700
8
-3.6 to -5.3

Table 12. Groundwater footprint calculations for the SdA topographic watershed. Values
are specific to SdA and variables and calculations described in Gleeson et al. [2012].
Discharge estimates from Mardones [1986] and Kampf and Tyler [2006].
Variable
Abbreviation
Value
Surface area (km2)

A

3

ET

3

GWR

Discharge (m /s)
Recharge (m /s)
Baseflow contribution (m3/s)
2

Groundwater Footprint (km )
Groundwater stress indicator

17,257
5.6 to 22.7
1.1

R

0

GF
GF/A

87,850 to 356,120
5 to 21
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Figure 17. Conservative groundwater footprint of the SdA topographic watershed. The
red zone is the topographic watershed area, and the gray shaded region is its inferred
groundwater footprint based on a groundwater discharge rate of 5.6 m3/s.
Table 13. Calculation of the Qr/R ratio [Schaller and Fan, 2009] for all considered
watersheds . Qr (river discharge) is substituted with with ETSdA and GWR is equal to R.
Qr/R >1 suggests that the watershed is a groundwater importer.
Zone
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O

ET (m3/s)
lower
higher
5.6
22.7
6.3
23.4
6.5
24.1
6.6
24.5
6.6
24.5
6.6
24.7
6.9
25.7
7.0
26.3
7.6
28.5
7.9
29.7
8.2
31.0
10.2
39.2
10.6
40.5
11.2
43.0
11.4
43.8

GWR (m3/s) Qr/R (or ET/GWR)
lower
higher
1.1
4.9
19.9
1.2
5.2
19.3
1.5
4.3
16.0
1.6
4.2
15.5
1.7
3.9
14.6
1.9
3.6
13.3
2.0
3.4
12.7
2.2
3.2
12.1
2.9
2.6
9.7
3.9
2.0
7.6
5.1
1.6
6.0
5.3
1.9
7.4
10.0
1.1
4.1
9.7
1.1
4.4
18.8
0.6
2.3
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1.7 Closing the hydrologic budget
The modern hydrologic balance of the SdA topographic watershed does not close
within reasonable uncertainty bounds (Table 7, Figure 13). Although large uncertainties
exist in the data (e.g. evapotranspiration estimates; TRMM 2B31 precipitation dataset
correlation with gage data), the conservative range of possibilities to close the budget is
preserved in these calculations. Modern shallow groundwater and surface water inflow
to SdA reasonably balance low estimates of evapotranspiration; however, modern GWR
within the topographic watershed alone cannot explain the magnitude of these fluxes. The
Na mass balance of the basin indicates that modern inflows reflect the magnitude and
concentration expected from the long-term average (see Chapter 2). Having established
confidence in our inflow estimates by two independent means, we positively conclude
that the modern fresh hydrologic system is not at steady state within the topographic
watershed.
To close this apparent hydrologic imbalance, the missing water could be
explained by several sources. Here we explore two mechanisms to close the budget: (1) a
larger watershed area that encompasses regional-scale inter-basin groundwater flow paths
recharged from precipitation at higher elevations in the Andes that discharge at SdA and
(2) the modern hydrologic balance is not at steady state, but reflects draining transient
groundwater storage recharged during wetter conditions on the multi-millennial
timescale.
These two mechanisms are inferred to account for the majority of the missing
water flux; however, additional pathways and more detailed quantification of
evapotranspiration and recharge to minimize uncertainty could also explain parts of the
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imbalance. Infrequent, high-intensity precipitation events could rapidly recharge the
groundwater system in areas where the water table is near the surface such as the SdA
halite nucleus [Boutt et al., Submitted Manuscript]. For the brine budget of SdA, these
events are important to balance discharge from pumping and the low ET rates (<0.1
mm/year) in the halite. By applying equation 1.4 uniformly to the precipitation dataset,
the potential for higher recharge rates in salars during intense rainfall is not included in
the budget calculations. Nonetheless, the CMB method integrates over long-term
timescales of recharge and accounts for these events in alluvium elsewhere in the
Atacama [Bazuhair and Wood, 1996; Houston, 2006b]. This suggests that for the
freshwater inflow that discharges through evapotranspiration in the transition zone, the
CMB appropriately accounts for these events.
Additionally, fluid (and solutes) may enter SdA from a magmatic origin [e.g.
Lowenstein and Risacher, 2009]. The Altiplano-Puna Volcanic Complex underlies SdA
and the hydrogeologic watershed [Ward et al., 2014], and could contribute fluids to SdA
that would likely have a volumetrically small influence on the water budget but large
effect on water chemistry (e.g. Grand Canyon, U.S.A., [Crossey et al., 2006]). Because of
difficulty quantifying the volume of inflow from magmatic origin at this time, we focus
on evaluating the potential role of regional-scale groundwater flow and draining
groundwater storage below.
1.7.1 Mechanism 1: Steady state, regional groundwater flow
The arid climate, high topographic relief and presence of laterally continuous
permeable volcanic units dipping towards SdA support the potential for regional
groundwater flow paths [Tóth, 1963; Haitjema and Mitchell-Bruker, 2005]. Within the
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proposed hydrogeologic watershed, GWR and R balance evapotranspiration (Table 7,
Figure 13, scenario M) while maintaining an overall topographic gradient driving
groundwater flow towards SdA; however, this watershed delineation is non-unique. The
near absence of tritium in inflow waters suggests little modern component of GWR,
supporting the existence of long flow paths. Furthermore, contributions to ETSdA from
deep regional-scale flow paths that would have higher Na concentrations than shallower,
shorter flow paths could explain why modern Na accumulation rates are consistent over
the geologic record with ETSdA, but inconsistent with GWR in the topographic watershed
(see Chapter 2). We propose that regional groundwater flow plays an important role in
the modern hydrologic balance of SdA; however it likely cannot fully explain the
observed discrepancy.
Inter-basin groundwater flow is widely recognized in the central Andes [Anderson
et al., 2002; Jordan et al., 2015], including the highly productive Monturaqui-NegrillarTilopozo aquifer in southern SdA [Rissmann et al., 2015]. To explain the existence of
giant nitrate deposits in the Central Depression southwest and northwest of SdA, PérezFodich et al. [2014] suggest that regional-scale flow paths originating in the Andes reach
the Central Depression. To the north of SdA, interbasin groundwater flow is likely
necessary to close the hydrologic budget of the Rio Loa [Jordan et al., 2015]. In this
basin, the Chilean DGA allocates 6.4 m3/s of water discharge, but only 1.7 m3/s of GWR
occurs within the topographic watershed using the methods described previously. While
we calculate that approximately 10.4 m3/s of GWR occurs within groundwater system of
the Rio Loa proposed by Jordan et al. [2015], this boundary overlaps with the major
discharge zone of the Salar de Uyuni and the potential regional watershed of SdA. The
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persistence and scope of questions relating to modern water imbalance in the Atacama
Desert [e.g. Magaritz et al., 1990; Houston and Hart, 2004; Jordan et al., 2015]
highlights the importance of better constraining groundwater divides and the potential
role of groundwater storage in these modern hydrologic systems.
1.7.2 Mechanism 2: Transient, draining groundwater storage
Here we consider that the steady state assumption does not apply to SdA and
modern discharge includes components of transient draining of groundwater storage
recharged during wetter paleo-climatic intervals that has not been replenished during the
modern (century) time scale. The residence time of water within the SdA watershed was
calculated to be 4.9 kyr using the conservative ETSdA rate of 5.6 m3/s, aquifer thickness of
500 m, area of 17,257 km2 (i.e. area of the topographic watershed) and effective porosity
of 0.25. The residence time of a system is equated to its response time using a simple box
model of an aquifer system to calculate the e-folding time, or the time to readjust to new
boundary conditions. The dynamic response time of the topographic watershed is 9.2 kyr
and 42 kyrs for the hydrogeologic watershed. In systems with large residence and
response times the assumption that modern recharge rates must balance discharge rates is
invalid. Groundwater age estimates of high and low elevation groundwater lack a
significant component of modern recharge further suggesting that these systems respond
over long time scales. Evaporation at a smaller salar 50 km southwest of SdA exceeds
modern recharge, and this imbalance has been explained by residual hydraulic head
decay (i.e. groundwater storage) due to episodic recharge [Houston and Hart, 2004].
Long response times of the water table in playas and lakes have also been documented at
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higher elevations in the Altiplano [Condom et al., 2004] and in the Murray Basin in
Australia [Urbano et al., 2004].
Precipitation in the Altiplano-Puna plateau may have been double modern rates in
the late Pleistocene [Grosjean et al., 1995; Placzek et al., 2013]. Applying equation 1.4 to
the doubled TRMM 2B31 dataset yields a GWR estimate of 5.5 m3/s in the topographic
watershed, which balances modern ETSdA. However, evapotranspiration is expected to
fluctuate over time due to changing inputs to the system and would likely increase with
higher recharge rates. Past ET rates are very difficult to constrain and probably lag
behind changes in recharge because modern ETSdA includes water from different length
flow paths.
1.8 Numerical simulations of a plateau – margin groundwater system
1.8.1 Modeling approach
A transient 2-dimensional groundwater model simulating the Altiplano-Puna
plateau and adjacent Salar de Atacama system was constructed using the MODFLOW
finite difference code for saturated flow [McDonald and Harbaugh, 1988]. The purpose
of the model is to examine: (1) the dynamic response times of a regional groundwater
system to changes in groundwater recharge that are of a magnitude similar to that
predicted by paleo-climate reconstructions [Betancourt et al., 2000; Placzek et al., 2013];
(2) the sensitivity of water level responses to changing groundwater recharge; and (3)
whether the groundwater divide between water draining to the SdA and water discharging
from the plateau is dynamic or static with respect to changing recharge. The framework
model is based on previous work in the Atacama by Houston and Hart [2004] and in the
Murray Basin in Australia by Urbano et al., [2004]. This model was evaluated for two
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scenarios of hydraulic conductivity that are designed to be conducive and restrictive to
regional groundwater flowpaths. Initial hydraulic heads were assigned based on the
results of steady-state simulations. The transient models simulate a period of 100,000
years with a timestep of 100 years.
1.8.2 Base model geometry and properties
The model domain is 250,000 m long (active domain of 219,200 m), unit width,
and 3,000 m thick with grid dimensions of 200 m*1m*200m in the upper 7 layers and
200m*1m*400m in the lower 4 layers. Elevations of the top grid cells were interpolated
from a smoothed ASTER DEM. The right, bottom and left faces of the model are no-flow
boundaries (Figure 18). On the top boundary, there are 207 constant head cells in the
upper layer at an elevation of 2300 m asl, representing the salar surface. Specified flux
boundaries were assigned to all other top cells. There are 119 drains along the plateau
with conductance of 1,000 m2/day. At an elevation of 3,893 m on the plateau, 28 drains
were assigned with an elevation of 3,993 m and conductance of 10 m2/day for the steady
state run to produce a high elevation lake similar to those described by Grosjean et al.
[1995], Condom et al., [2004] and others. For the transient runs, the drains were assigned
an elevation of 3,893m (top cell elevation) and conductance of 1,000 m2/day to simulate a
salar. Recharge was assigned to any top cell that was not already a drain or constant head
boundary. For the initial steady-state simulations, recharge was assigned by applying the
power function for GWR to a tripled TRMM 2B31 precipitation raster. This resultant
raster was then interpolated to the model grid. For the transient run, modern GWR
(Figure 6b) was interpolated to the model domain. This method captures the spatial
distribution of GWR as well as the predicted relative magnitude of paleo- to modern51

GWR from the late Pleistocene to present based on Betancourt et al. [2000] and Placzek
et al. [2013]. There are no other hydraulic sources or sinks in the model and the model
does not account for flow transverse to the domain, surface water features or direct
precipitation runoff.
Two distributions of hydraulic conductivity were examined based on a geologic
cross section through the SdA and western Altiplano-Puna plateau by Reutter et al.
[2006] (Figure 3; Figure 19). These scenarios are designed to represent: (1) the
southeastern SdA topographic watershed characterized by an uplifted, low permeability
block of Precambrian to Carboniferous basement that interrupts the plateau margin
(restrictive to regional flow) and (2) the northeastern SdA topographic watershed
characterized by monoclinal folding (conducive to regional flow). Hydraulic
conductivities for the geologic units described in Reutter et al. [2006] were assigned
based on standard values from Freeze and Cherry [1979] and range from 0.01 to 10
m/day.

Figure 18. Model domain, boundary conditions and zones of specified flux. The model is
219200m*1m*3000m and shown here with 5x vertical exaggeration. Red = constant
head, Yellow = drains, Blue = recharge. Numbered black dots are observation points of
hydraulic head.
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Figure 19. Distribution of hydraulic conductivity in the modeled scenarios that are (A)
restrictive to regional groundwater flow and (2) conducive to regional groundwater flow.
1.8.3 Model results
1.8.3.1 Flow budget response to changing recharge
The ratio of flow out of the model from constant head cells on the salar surface
and drains on the plateau margin (DSdA) to recharge (GWR) is used as a metric to
evaluate changes in the flow budget of the model over time. If the DSdA:GWR exceeds 1,
then DSdA must be supported in part by draining groundwater storage, where the fraction
of discharging water supplied by draining storage is described by (DSdA-GWR)/DSdA
(Figure 20). For simulation A (restrictive to regional groundwater flow), 60% of DSdA is
sourced from draining storage at t=100 years. DSdA is supplied entirely by GWR after
19,200 years. For simulation B (conducive to regional groundwater flow), 70% of DSdA is
sourced from draining storage at t=100 years, and DSdA is supplied entirely by GWR after
37,600 years. If DSdA/GWR equals 1, then DSdA is entirely balanced by GWR in the
model domain, and no GWR discharges from the plateau. In simulation A, this condition
is met for only one time step, whereas this condition is met for simulation B for all times
≥ 37,600 years because in this simulation the water table on the plateau lies below the
elevation of the drains. If DSdA/GWR is less than 1, then DSdA is less than GWR in the
model domain and some fraction of GWR is discharging from drains on the plateau. For
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simulation A, DSdA/GWR is less than 1 for all times greater than 19,200 years. The
storage into the model over time supports these conclusions (Figure 21).
If DSdA/GWR is less than or equal to 1 and the change in DSdA/GWR between
each time step goes to 0, then the model has reached steady state. The time at which this
occurs represents the amount of time it takes the modeled system to adjust to a reduction
in groundwater recharge from 3x modern to modern. For simulation A, the dynamic
response time is approximately 85,000 years, and approximately 38,000 years for
simulation B. These results are consistent with the dynamic response time calculations
using general bulk aquifer properties presented in section 2.7.2. The models confirm that
the assumption that modern recharge rates must balance discharge rates is invalid for
systems with long response times.
3.5

A (restrictive)
B (conducive)

DSdA/GWR (fraction)

3

if DSdA/GWR is > 1, then DSdA is
supported by draining storage

2.5
2
if DSdA/GWR = 1, then DSdA is balanced by
GWR in the hydrogeologic watershed and
no GWR is discharging on the plateau

1.5
1

if DSdA/GWR < 1, then DSdA is less than
GWR in the hydrogeologic watershed and
GWR is discharging on the plateau

0.5
0
0.1

1 Time (1,000 years) 10
100
Figure 20. Plot of the ratio of discharge from constant head cells at SdA and drains along
the plateau margin (DSdA) to specified recharge (GWR). Value at time of 0 is from the
steady state simulations and all other values are from the transient simulations.
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Figure 21. Water discharge from storage over time for the model domain.

1.8.3.2 Water table response to changing recharge
Water level responses to changing recharge conditions showed strong spatial
variability with the most sensitivity observed in the area of the western plateau and
plateau margin (Figure 22). Water levels showed a greater magnitude of response to
changing recharge in scenario A (restrictive) than B (conducive); however the pattern of
head decline was consistent between the models (Figure 23). In both simulations, less
than 10 m of change in head was observed in cells within 7 km of a constant head cell at
SdA throughout the 100,000 year simulation (Figure 24, Figure 25). Maximum head
decline occurred near observation points 15 and 16, reaching 845 m of decline in
simulation A and 370 m of decline in simulation B. The magnitude of head decline
increased with increasing elevation along the plateau margin. From west to east across
the plateau, the magnitude of head decline decreased, reaching a minimum of 100 m
decline by the high elevation drain cells for both simulations (Figure 26, Figure 27). Both
simulations showed smaller head declines near drains and constant head cells.
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The pattern of modeled head declines is consistent with observed patterns inferred
from paleoclimatic studies. In both modeled scenarios, after 10,000 years, the water table
on the plateau margin at elevations <2,600 m declined <25 m. The water table on the
plateau near the discharge zone at elevations between 3880 m and 4120 m declined
approximately 100 m by 10,000 years. In the late Pleistocene and early Holocene, paleowetland deposits and river incision records at elevations <3500 m show water table
fluctuations on the scale of 1-25 m [e.g. Betancourt et al., 2000; Rech et al., 2002; Quade
et al., 2008], while lake levels and core records on the Altiplano-Puna plateau at
elevations >3500m show water table fluctuations on the scale of up to 130 m [Grosjean
et al., 1995; Placzek et al., 2006, 2013]. No observations of changes in water table are
available on the plateau in areas distal to discharge zones.

Figure 22. Maximum head decline observed at observation points 1 through 23 plotted
against distance from the eastern no-flow boundary.
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Figure 23. Comparison of head declines over 100,000 years in scenarios A and B.

Figure 24. Head declines in observation points 3 through 15 along the plateau margin in
simulation A (restrictive).
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Figure 25 Head declines in observation points 3 through 15 along the plateau margin in
simulation B (conducive).

Figure 26. Head declines in observation points 16 through 23 along the plateau in
simulation A (restrictive).
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Figure 27. Head declines in observation points 16 through 23 along the plateau in
simulation B (conducive).

1.8.3.3 Dynamic groundwater divides
Model results confirm that the groundwater divides in this plateau-salar system do
not coincide with topographic watershed boundaries. In the initial steady state
simulations for both scenarios, the groundwater divide occurs approximately 100 km
from the easternmost constant head cell at SdA (Figure 28). Once the transient simulation
begins, the groundwater divide moves westward closer towards SdA as water is released
from storage to augment discharge from SdA. This westward motion may also reflect
boundary effects. In both simulations, after approximately 1,000 years, the groundwater
divide begins to move eastward away from SdA as the volume of water released from
storage decreases. In scenario A, the position of the groundwater divide stabilizes by
approximately 50,000-100,000 years around 130 km east of the easternmost constant
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head cell. In scenario B, the groundwater divide reaches the easternmost boundary of the
model after 9,000 years and does not move westward for the remainder of the simulation.
These results show that the groundwater divide of the plateau-salar system is dynamic
and responds to changing recharge conditions. The position of the divide is also sensitive
to presence of a lower conductivity block separating the salar from the plateau, especially
over longer time periods.

Figure 28. Position of the modeled groundwater divide over the time period of simulation
inferred from flow vectors for scenarios A and B.

1.9 Summary
Evapotranspiration does not balance modern recharge within the topographic
watershed of SdA, and the use of the steady state assumption does not apply to this
system. The extreme modern hydrologic imbalance can be explained by a combination of
regional groundwater flow recharged from an area over 4 times larger than the
topographic watershed and transient draining of groundwater storage recharged during
wetter climatic periods. This imbalance is driven by strong spatial gradients in
topography and climate and a temporal, or paleo-climatic, gradient as well. The
hydrologic imbalance at SdA has large implications for paleoclimatic reconstructions,
implying that paleo-lakes on the Altiplano lost water to SdA altering their hydrologic
budgets and further complicating lake-level based paleoclimatic reconstructions.
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Because water resources of SdA are managed under the steady state assumption, these
findings have implications for efforts to sustainably allocate water resources for mining,
agricultural and environmental interests. Such considerations apply to many continental
settings with strong gradients in landscape and climate, though the margins of large
orogenic plateaux are likely to exhibit the greatest hydrologic imbalance by virtue of their
scale.
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CHAPTER 2
REGIONAL GROUNDWATER FLOW AND ACCUMULATION OF A MASSIVE
EVAPORITE DEPOSIT AT THE MARGIN OF THE CHILEAN ALTIPLANO
2.1 Abstract
Evaporite accumulation through groundwater discharge in closed basins provides
opportunities to investigate sources of solutes and water to lithium brine resources. The
Salar de Atacama (SdA), adjacent to the Central Andes in the hyperarid Atacama Desert,
is an extreme example of halite (>1800 km3) and lithium (~5,000 ppm) accumulation
spanning present to late Miocene timescales. Comparing the volume of Na accumulated
in halite and brine to modern Na inflow concentrations predicts long-term water
discharge to SdA. The concentration of Na in inflow waters is determined by weighting
sampled concentrations by modern water inflow. The predicted long-term water
discharge required to explain the accumulated mass of Na based on the these
concentrations is compared to modern groundwater recharge to constrain potential
contributing areas and place modern fluxes in a paleo-hydrologic context. Minimum
long-term water discharge needed to sustain halite accumulation at SdA is 9–20 times
greater than modern recharge and almost double paleo-recharge from precipitation in the
topographic watershed. Closing this modern imbalance requires sourcing water from
recharge on the orogenic plateau in an area over 4 times larger than the topographic
watershed, augmented by transient draining of stored groundwater. Prolonged water
discharge at SdA requires long residence times, deep water tables and strong gradients in
landscape and climate enabled by plateau uplift.
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2.2 Introduction
Arid, tectonically-active regions may accumulate continental brines in closed
basins that host economic lithium resources, rare ecosystems and preserve distinct
paleoclimatic, geologic and geochemical records in the form of evaporite accumulation
[e.g. Munk et al., in press; Lowenstein et al., 2003; Houston et al., 2011]. Demand for
lithium, critical to Li-ion batteries and pharmaceuticals, has been increasing, and lithiumbrine deposits represent an important global resource. These Li-brine deposits occur in
arid regions where groundwater flow paths converge into closed basins and discharge
through evapotranspiration, concentrating and precipitating solutes into evaporite
minerals and high conductivity brines [Munk et al., in press]. Therefore, these
depocenters integrate hydrologic, geochemical and tectonic processes interacting across
multiple spatial and temporal scales and permit evaluation of fundamental questions
about water and solute movement along plateau margins.
Salar de Atacama (SdA) is a first order topographic feature in one of the most arid
regions in the world and hosts a world class lithium brine of economic importance;
however, researchers have not yet placed bounds on the amount of water and solute
needed to generate the massive evaporite deposit. The significant size of the evaporite
deposit and high water discharge rates contrasted with the relatively small surficial
drainage area and hyperarid climate poses fundamental questions regarding closure of
both the hydrologic and solute budgets for the basin. Here we explore: (1) the water
discharge rate required to explain the >1800 km3 of halite accumulation since the late
Miocene, and (2) sources of water to close the hydrologic budget and balance this
predicted discharge rate. Questions of solute and water mass imbalance have been raised
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elsewhere in the region about high volumes of water discharge observed in the nearby
Río Loa [e.g. Jordan et al., 2015] and nitrate accumulation in the Central Depression
[Pérez-Fodich et al., 2014], highlighting the persistence and relevance of these questions
to understanding water and mineral resources in one of the driest regions of the world.
Measurements of solute concentrations and water inflows are integrated to derive
an estimate of the long-term water discharge rate required to support halite accumulation.
The Na mass balance of SdA therefore provides an additional way to constrain the longterm water balance avoiding uncertainties in modern evapotranspiration and recharge
rates. Comparing the predicted long-term water discharge rate to estimated modern fluxes
confirms results presented in Chapter 1. Accumulation of the massive evaporite volume
requires high discharge rates that do not balance estimates of either modern or paleo
groundwater recharge within the topographic watershed. The persistent focused discharge
to SdA requires drainage of a large portion of the orogenic plateau and has important
implications for rock weathering, paleoclimatic reconstructions, and the timing of plateau
uplift in this hyperarid environment that may apply to similar arid, high-relief regions
globally.
2.3 Geology and hydrology of the deposit
Salar de Atacama began accumulating a massive halite deposit ~6-10 Ma,
coincident with the uplift of the Central Andean Plateau [e.g. Jordan et al., 2002; Quade
et al., 2015]. The age of the base of the halite unit was constrained by identifying dated
ignimbrites in the subsurface through seismic stratigraphy and boreholes [Jordan et al.,
2002a, 2007]. Multiple lines of evidence including age dating, subsurface basin
stratigraphy, and analyses of long wave monoclinal relief formation and rotation indicate
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that the eastern margin of SdA gained relief during the late Miocene uplift of the Plateau
[Jordan et al., 2010 and refs therein]. The uplift is broadly synchronous with increased
volcanism in the region [Salisbury et al., 2011].
Plateau uplift established the dramatic topographic and climatic gradients from
the wetter, higher elevation plateau to the hyper-arid SdA depocenter that include 3 km of
relief over 25 km and differences of over 300 mm/year in mean annual precipitation on
the eastern SdA margin. Evapotranspiration is the only mechanism of surface water
discharge from the basin and varies between 0–2.8 mm/d at the surface of the salar
depending on the surface characteristics [Kampf and Tyler, 2006]. Evaporation rates
exponentially decline below the land surface to near zero by 2 m depth [Houston et al.,
2011]. Seven perennial and ephemeral streams emerge at stratigraphic and structural
contacts along the Plateau margin but lose all surface flow through alluvium before
reaching gypsum and halite facies.
Conceptual models of evaporite deposition in playa settings require maintaining
the water table at or near the surface with constant addition of dilute inflow waters [Tyler
et al., 2006]. To maintain this state and enable persistent long-term evaporite
accumulation, evapotranspiration must closely balance water inflow over million year
timeframes at SdA. Under these criteria, one can assume a long-term solute mass balance
between inflow waters contributing solutes to the basin and the accumulation of evaporite
minerals. Because no basins are truly hydrologically closed (i.e. some groundwater can
escape) our estimates constrain the minimum required solute influx [Wood and Sanford,
1990].
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2.4 Constraining long-term discharge to SdA
Our conceptual model necessitates coupled influx of water and sodium (Na).
Water inflow to SdA, comprising both groundwater (GW) and surface water runoff (R),
delivers Na to the basin and discharges through evapotranspiration (DSdA). Modern
inflow is partitioned between shallow GW (<200 m depth) and R, such that GW/R = 2;
we assume this ratio throughout the accumulation period of the deposit (taccumulation). This
ratio coupled with Na concentrations in groundwater and streams provides a fluxweighted Na concentration of inflow water. The solute mass balance equation can be
written as:
𝑀𝑎𝑠𝑠𝑁𝑎 = 𝐷𝑆𝑑𝐴 ∗ (0.67[𝑁𝑎]𝐺𝑊 + 0.33[𝑁𝑎]𝑅 ) ∗ 𝑡𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 ,

(2.1)

where MassNa is the mass of Na that has accumulated in SdA, and [Na] is the average
concentration of Na in GW and R respectively. Long-term DSdA is solved for as a
function of time. Comparing these results, the modern hydrologic budget, and constraints
from the geologic record permits evaluation of the inflow model. At steady state,
predicted DSdA and ET from higher elevation salars in hypothesized regional watersheds
(DHighElevSalars) would equal groundwater recharge from precipitation (GWR) plus R with
no change in storage (S):
S = GWR + R – DSdA - DHighElevSalars

(2.2)

A negative change in storage would suggest that water and Na from outside the
topographic watershed or drawn from storage is needed to balance DSdA, whereas a
positive change in storage would reflect recharge and surface water inputs currently
outpacing DSdA. This hydrologic budget is evaluated for both the topographic and
hydrogeologic watershed.
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Figure 29. Inflow (GWR+R) compared to predicted long-term water discharge from SdA
and high elevation salars (DSdA + DHighElevSalars) for potential watersheds. Groundwater
sample locations: gray circles, salar surfaces: blue polygons, DGA meteorological
stations: blue squares. DGA stream gages: red triangles. Topographic and potential
hydrogeologic watersheds: black lines. Each lettered zone includes the cumulative area of
all smaller zones.
2.5 Methods and data sources
To estimate the volume of material that has accumulated in SdA since the late
Miocene, we interpolate isopachs of Unit M (Vilama Formation/Halite unit) derived from
seismic refraction studies and constrained by observations from the Toconao-1 borehole
[Jordan et al., 2007] (Figure 30A). The fraction of this material composed of halite was
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estimated based on stratigraphy logged from 5 cores in the halite nucleus up to 60 m deep
(Figure 30A, Zone 1) and 10 cores in the transition zone up to 100 m deep (Figure 30A,
Zone 2). Estimates of Na in brine are added to the Na in halite to constrain total Na
accumulated since the uplift of the plateau.
The modern Na concentration of inflow waters is assumed to be constant over the
time frame of accumulation. Sample collection is described in Section 2.6.2. Na was
analyzed at the University of Alaska Anchorage on an Agilent 7500c ICP-MS with
collision cell and AS90 autosampler. Measurements were carried out in cold plasma, RF
voltage of 1480, Argon plasma flow at 15 L/min, carrier gas flow of 1.2 mL min-1 and
makeup gas flow at 0.2 mL/min. External seven level calibration at, 0.5, 1, 5, 10, 50, 100
µg L-1 was prepared from Agilent standard I stock solution (Agilent ®). To correct for
instrument drift internal standard composed of Li(7), Sc, Y, In, and Bi was used at 10 ug
L-1 concentration (Agilent ®) was used for quantification. Calibration verification was
performed every ten samples and international standard NIST SRM 1643 and 1640 was
used to verify calibration solutions; all values above 90% recovery were accepted. Limit
of detection was calculated from regression analysis of calibration as outlined by Harris
[2010].
From this database, 18 wells and all 12 streams were selected that meet our criteria
for inflow water, which are wells located in alluvium in the topographic watershed with
specific conductance <10,000 µS/cm in order to avoid areas of salt recycling in the
transition zone and nucleus. Published Na concentrations in groundwater from northern
SdA were also included [Compañía Minera RioChilex S.A., 1997; DICTUC, 2010]. The
average value for each site was used to estimate the weighted average Na composition of
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inflowing groundwater and surface water. Published reports of modern stream discharge
to the basin [Dirección General de Aguas, 2013] and our best estimates of shallow (<200
m thick) groundwater inflow were used to estimate the weighted average Na
concentration of inflow waters to SdA and consider ± 1 standard deviation of potential
variation in our calculations.
DSdA was calculated over the period of halite accumulation assuming: 1) these
parameters represent the mean steady state value since ~10 Ma, 2) modern Na
concentrations reflect the long-term average, and 3) the primary mechanism of halite
deposition is evaporation of inflow water. We rearrange equation (2.1) to calculate
predicted DSdA as the total mass of accumulated Na divided by the Na concentration of
inflow waters*time period of accumulation. Here, the total mass of Na accumulated in
the basin and the Na concentration inflow waters are constrained, and applying
established age constraints on plateau uplift and onset of halite accumulation [Jordan et
al., 2010] allows prediction of long-term DSdA.
The steady state hydrologic budget of the SdA (equation 2.2) for the topographic and
potential hydrogeologic watersheds was evaluated to constrain sources of groundwater
recharge to balance the rates of DSdA necessary to explain SdA halite volumes. Modern
groundwater inflows were calculated according to methods described in Chapter 1.
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Figure 30. (A) Isopach map of halite thickness and (B) Projected Na accumulation over
time. Isopachs derived from contours by Jordan et al. [2007] used to estimate Na mass in
halite. Groundwater sites (black circles) and surface water sites (white triangles) sampled
as part of this study, with additional groundwater (white circles) compiled from
Compañía Minera RioChilex S.A. [1997] and DICTUC [2010] (B) Projected Na
accumulation based on modern loading to the SdA compared to total accumulated Na in
evaporites and brine since 10 Ma. Bars show ± 1 standard deviation for Na concentration
in modern inflow and a range of potential estimates to close the steady state budget for
predicted discharge.
2.6 Results
Based on interpolating isopachs of Unit M thickness [Jordan et al., 2007], an
estimated 3600 km3 of material has accumulated in SdA since the late Miocene. The
volume of Oligocene to middle Miocene evaporites in the basin [e.g. Jordan et al., 2007]
is not considered because formation of these deposits pre-dates the uplift of the plateau
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[e.g. Jordan et al., 2010; Hoke et al., 2004], implying a different mechanism of water and
solute transport to source the older deposits. Unit M includes halite, gypsum, carbonate,
clay and ignimbrite facies, with the majority of Na occurring in halite. Based on core
data, halite composes 90% of the nucleus and 25% of the transition zone. We assume
halite composes 75% of Unit M in Llano de la Paciencia. Therefore, 1880 km3 of halite
has accumulated since the Miocene, but this estimate could range up to 3000 km3 [Jordan
et al., 2002a, 2007], equivalent to 1.6*1015 to 2.5*1015 kg of Na (Table 14). Considering
halite porosity of 10% [Houston et al., 2011], the nucleus surface area, the 40 m thick
brine aquifer, and a brine Na concentration of 100,000 mg/l, an 6.6*1011 kg of Na occurs
in nucleus brine.
The massive and relatively continuous nature of the SdA halite deposit [Jordan et al.,
2002a; Lowenstein et al., 2003] suggests that rates of solute delivery and halite
precipitation have approximated steady state over the time of accumulation [Wood and
Sanford, 1990]. Discharging water receives Na contributions from groundwater inflow
and streams that infiltrate in alluvial fans. The mean Na concentration of 30 groundwater
sites meeting criteria for inflow water is 625 ± 283 mg/l (1σ) (Table 15). The mean Na
concentration of all sampled stream sites is 316 mg/l ± 272 mg/l (1σ) (Table 16).
In the modern system, the surface water discharge rate of 1.6 m3/s [Dirección
General de Aguas, 2013] is half of our best estimate of shallow groundwater discharge to
SdA of 3.2 m3/s, yielding a weighted estimate of Na concentration of inflow waters of
522 mg/l. Conservatively considering the smallest estimate of accumulated Na (1.5*1015
kg) over the longest proposed time period of accumulation of 10 Ma [Jordan et al.,
2002a], and a weighted Na concentration of inflow water of 522 mg/l, predicts a mean
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long-term DSdA required to support halite accumulation of 9.5 m3/s. Expanding these
calculations to consider larger estimates of accumulated Na (2.5*1015 kg) over a shorter
time frame of accumulation (7 Ma) predicts a long-term water discharge rate of 21.7
m3/s. Both estimates are within the range of modern ET from the basin of 5.6 m3/s
[Mardones, 1986] to 22.7 m3/s [Kampf and Tyler, 2006].
The infiltration rates required to balance predicted long-term discharge within the
topographic watershed range from 36-82%. Predicted long-term discharge is 9-20 times
greater than modern GWR in the topographic watershed. The minimum hydrogeologic
watershed necessary to balance DSdA has a surface area over 75,000 km2, 4 times larger
than the topographic watershed (Figure 29, scenario M).

Table 14. Estimate of total accumulated mass of Na in SdA halite and brine. Mass of Na
in brine calculated according to MNa-brine = A*b*[Na]brine ; and mass of Na in halite
calculated according to MNa-halite = Vhalite*ρhalite*wt.%(Na/NaCl).

Variable

Abbreviation
2

Surface area of nucleus (km )
Thickness of brine aquifer (m)
Porosity of brine aquifer
Na concentration of brine (mg/l)
3

Volume of halite (km )

A
b
n
[Na]brine

Value
1700
40
0.05 to 0.1
100,000

Vhalite

1880 to 3000

Density of halite (g/cm )
Weight % Na in NaCl

ρ
wt.%

Mass of Na in brine (kg)

MNa-brine

2.14
0.39
6.6*1011

Mass of Na in halite (kg)

MNa-brine

1.6*1015 to 2.5*1015

3
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Table 15. Na concentrations in wells with specific conductance (SC) less than 10,000
µS/cm located in alluvium. Values are the average for each sample site based on (n)
number of samples. (1) data collected as part of this study; (2) DICTUC, [2010] and (3)
Compañía Minera RioChilex S.A., [1997]. N/D: No data available.
Site ID
SDA121W
SDA122W
SDA138W
SDA140W
SDA161W
SDA180W
SDA184W
SDA186W
SDA226W
SDA227W
SDA228W
SDA229W
SDA2W
SDA69W
SDA76W
SDA84W
SDA85W
Allana
Camar 2
Mullay
Socaire 5B
RC1
SCP2
SCP3
Vilama
MEAN
1 Std. Dev

Latitude Longitude Elevation n Type
WGS84
-23.808
-68.225
-24.019
-68.216
-23.851
-68.210
-23.476
-68.050
-23.771
-68.112
-23.766
-68.266
-23.801
-68.229
-23.491
-67.985
-23.794
-68.137
-23.800
-68.134
-23.789
-68.136
-23.746
-68.118
-23.671
-68.081
-23.801
-68.233
-23.365
-68.053
-23.569
-68.057
-23.780
-68.114
-23.362
-68.035
-23.420
-68.038
-23.302
-68.023
-23.452
-68.040
-23.029
-68.171
-23.013
-68.176
-23.030
-68.151
-22.887
-68.176

m asl
2338
2833
2425
2340
2338
2327
2300
2574
2329
2338
2335
2313
2333
2324
2387
2329
2351
2405
2380
2405
2365
2345
2353
2345
2470

6
1
5
4
5
2
1
2
2
2
2
1
4
5
4
6
6
10
8
10
10
1
3
3
2

GW
GW
GW
GW
GW
GW
GW
GW
GW
GW
GW
GW
GW
GW
GW
GW
GW
GW
GW
GW
GW
GW
GW
GW
GW
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SC
µS/cm
3071
3704
2436
1829
5832
5064
4394
1774
4884
4643
5320
5666
5660
3859
3088
8139
5711
4080
2416
2060
3432
5170
5710
4257
3245
4218
1516

Na
mg/l
555
556
326
217
913
709
603
215
769
622
706
882
783
548
340
1460
959
404
277
318
511
820
981
660
488
625
283

δ18O

δ2H

Data
Source
/oo VSMOW
-8.1
-63.5
1
-8.1
-60.9
1
-7.9
-63.4
1
-8.2
-60.3
1
-7.8
-54.3
1
-7.1
-55.9
1
-7.9
-61.0
1
-8.2
-58.2
1
-7.3
-50.3
1
-8.7
-59.5
1
-8.8
-59.8
1
-8.8
-61.1
1
-8.4
-61.6
1
-7.9
-62.2
1
-7.3
-52.2
1
-8.2
-58.4
1
-8.3
-59.2
1
N/D
N/D
2
N/D
N/D
2
N/D
N/D
2
N/D
N/D
2
N/D
N/D
3
N/D
N/D
3
N/D
N/D
3
N/D
N/D
3
-8.1 -58.9
0.5
3.6

o

Table 16. Sodium concentrations in perennial springs contributing to SdA. Values are the
average for each sample site based on (n) number of samples.
Site ID

Latitude LongitudeElevation n Type

SDA139W
SDA131W
SDA132W
SDA133W
SDA134W
SDA13W
SDA5W
SDA7W
SDA86W
SDA87W
SDA8W
SDA9W
MEAN
1 Std. Dev

WGS84
-23.495 -67.988
-22.531 -68.042
-22.766 -68.065
-22.867 -68.180
-22.891 -68.208
-23.616 -67.849
-23.189 -67.993
-23.407 -67.963
-23.321 -67.783
-23.324 -67.794
-23.790 -68.109
-23.683 -68.059

m asl
2568
4264
3230
2578
2464
3616
2512
2695
3935
3867
2366
2463

5
1
1
1
1
5
5
3
1
1
8
7

Spring
SW
SW
SW
SW
SW
SW
SW
SW
SW
SW
SW

SC

Na

µS/cm
1783
1315
2684
2785
3436
1124
359
2573
286
565
6187
3800
2241
1646

mg/l
223
95
432
455
627
104
29
291
15
40
890
593
316
272

δ18O

δ2H

o

/oo VSMOW
-8.0
-56.9
-7.9
-60.7
-8.1
-60.0
-7.8
-58.3
-6.7
-50.9
-10.2
-73.5
-7.6
-51.5
-7.7
-53.4
-9.8
-54.6
-8.5
-49.3
-8.4
-60.9
-8.7
-63.0
-8.3
-57.7
0.9
6.4

2.7 Discussion
The Na mass balance of the basin indicates that modern inflows come close but
fall short of matching the magnitude estimated from the long-term average (Figure 30);
implicating an unaccounted source – such as deep groundwater from outside the
topographic watershed. The Na mass balance of SdA is consistent with the hydrologic
balance described in Chapter 1, and could be resolved by similar mechanisms.
Given that most of the recharge area is dominated by Neogene volcanic rocks, the
most likely sources of Na is likely to be feldspars and volcanic glass in the extensive high
silica ignimbrites for which the region is well known. The massive Altiplano-Puna
volcanic complex, much of it within the hydrogeologic watershed of SdA, erupted at
rates in excess of 1 km3/ka over the timeframe of evaporite and brine accumulation
[Salisbury et al., 2011]. Using conservatively high estimates of Na content (4% Na2O)
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and density (2.65 g/cm3) this eruption rate yields a volcanic flux of 2.9 kg Na per second,
roughly equivalent to our best estimate of Na influx to SdA (2.5 kg/s). Although these
Na fluxes are approximately equivalent, and low temperature weathering of high silica
volcanic rocks is a plausible source for Na, this cannot be the sole source of Na to SdA as
it would require complete leaching of all such rocks within the hydrogeologic watershed.
The widespread existence of these rock units containing measurable, and relatively
unaltered, Na concentrations preclude such a mechanism. Moreover, rock weathering in
the near surface environments of the Atacama Desert and the adjacent Andean plateau is
among the slowest on Earth [Dunai et al., 2005].
Additional potential sources of Na to the basin may include hydrothermallyderived brines [e.g. Lowenstein and Risacher, 2009] or deeper brines under the plateau
interacting with regional groundwater flow paths. If high elevation salars such as Laguna
Tuyajto or Aguas Calientes III are connected to a regional-scale aquifer and serve as
recharge zones during wetter paleoclimatic intervals, these salars could also contribute
Na to SdA. The observation that weathering of Na and water inflow from both the
topographic and hydrogeologic watersheds cannot explain the evaporites accumulated in
the basin highlights the potential importance of deep, regional-scale groundwater flow as
a solute source for the Plio-Pleistocene evaporite deposits of SdA.
While rates of evaporite accumulation, and hence water inflow, vary spatially in
SdA [Bobst et al., 2001; Jordan et al., 2002a; Lowenstein et al., 2003], the accumulation
of evaporites has likely been near-continuous since the late Miocene based on detailed
analyses of seismic-refraction surveys and halite accumulation rates that outpace faulting
rates on the eastern side of the active Salar Fault System [Jordan et al., 2002a, 2007]. As
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shown by [Jordan et al., 2002a], while accumulation rates vary from 0–3 mm/year over
100 to 1,000 year periods, over longer million year time-scales, accumulation rates are
consistently <0.3 mm/year. Our analyses do not account for smaller-scale variations in
time or space. Therefore, because we integrate across the total volume of accumulated Na
and across the multi-million year time-scale, these findings are applicable to
understanding the first-order mechanisms delivering water and solute to SdA, which are
previously quantitatively unconstrained. These results provide context for evaluating
shorter (10–1,000s of years) time-scale variations in climate or solute accumulation,
including lithium.
2.8 Summary
Reasonable estimates of modern or geologically averaged flux rates from SdA
cannot be balanced by modern or paleo recharge within the topographic watershed of
SdA. The extreme hydrologic imbalance has to be explained by a combination of regional
groundwater flow recharged from an area over 4 times larger than the topographic
watershed and/or transient draining of groundwater storage recharged during wetter
climatic periods. The persistence of the resultant regional-scale groundwater system
throughout the Plio-Pleistocene is required to accumulate the massive halite deposit and
associated brine. Repeated paleoclimatic wet periods throughout the accumulation
history of these deposits may perpetuate transient hydrologic systems that drain water
from the orogen to SdA and enhance water and solute flux. Because water resources of
SdA and the surrounding region are managed under the steady state assumption, these
findings have implications for efforts to sustainably allocate water resources for mining,
agricultural and environmental interests. Such considerations apply to many continental
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settings with strong gradients in landscape and climate, though the margins of large
orogenic plateaux are likely to exhibit the greatest hydrologic imbalance by virtue of their
scale.
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